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ABSTRACT 
 The Central Blue Ridge sub-province of the southern Appalachian Mountains 
preserves an unique and complex geologic history.  The Cartoogechaye terrane is the 
westernmost terrane of the Central Blue Ridge sub-province, and is characterized by 
extensive olistostromal sequences, including mafic-ultramafic massifs, isolated mafic 
units, and block-in-matrix structures of varying scales.  This study investigates the 
genetic and tectonic relationships, and regional chemical and metamorphic trends of the 
amphibolitic rocks entrained within units of the Cartoogechaye and nearby terranes, 
toward constraining the origins of these regional sequences, and examining the rationale 
for the current Blue Ridge terrane designations.  
  A distinct compositional variation exists between the northern and southern 
portions of the Cartoogechaye terrane, evident in the mafic rocks of the terrane.  The 
amphibolite blocks and mega-blocks of the Willets-Addie mafic unit, in the northeastern 
portion of the Cartoogechaye terrane, indicate igneous rock protoliths of a calc-alkaline 
composition that are different from the mafic-origin amphibolitic massifs of the 
southwestern Cartoogechaye terrane (Ryan et al., 2005).  Amphibolitic blocks of the 
Tathams Creek/Sylva area, immediately southwest of the Willets-Addie study site, show 
rare earth element systematics indistinguishable from the more mafic rocks in the 
Willets-Addie area, albeit with some chemical variation related most likely to variable 
migmatization of the rocks regionally.  Mafic rocks in the adjoining Mars Hill terrane to 
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the northwest show similar chemical trends, even though the Mars Hill terrane is 
recognized as different from the Cartoogechaye terrane, based on dating results from 
enclosing granitiods and migmatitic segregations.  In the southwestern Cartoogechaye 
terrane, the Carroll Knob mafic complex preserves chemical signatures suggestive of 
ocean crustal origins, similar to the Buck Creek mafic-ultramafic suite (Berger et al. 
2001, Peterson et al., 2009).  However, the amphibolites in the Carroll Knob complex 
indicate pyroxene-rich cumulate and gabbroic protoliths consistent with an active oceanic 
magma system undergoing continuous magmatic replenishment and crystallization. West 
of the Carroll Knob complex, the Kimsey Bald mafic body includes amphibolites with 
protoliths comparable to the MORB-like, high-Ti amphibolites of the Buck Creek suite.  
The few amphibolite samples from the Lake Chatuge complex examined in this study 
also shows ocean crustal affinities, similar to those in the Buck Creek, Kimsey Bald, and 
Carroll Knob complexes.  
 The chemical distinctions among these amphibolite suites, and the differences in 
the inferred crustal ages among their enclosing crustal units point to a possible boundary 
between the northern and southern regions of the Cartoogechaye terrane, one related 
either to likely crustal protoliths, or to a change in tectonic environment.  The varied 
types of blocks comprising the Tathams Creek and associated Cartoogechaye units may 
indicate a transitional zone between the upper plate-derived accretionary sequences 
observed to the northeast and dominantly lower oceanic plate lithologies exposed in the 
southwestern extent of the terrane.   
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INTRODUCTION 
 The Blue Ridge province of the southern Appalachians contains extensive 
olistostromal rock sequences characterized by highly metamorphosed mafic, ultramafic, 
and felsic blocks enclosed in biotite gneiss to schist metasedimentary matrices.  These 
highly deformed and occasionally strongly migmatized blocks range in size from a few 
centimeters long to mappable kilometer scale massifs.  Geologic mapping of these units 
by multiple workers has led to the designation of Eastern, Western, and Central Blue 
Ridge sub-provinces of differing inferred lithologies (King, 1955; Hadley and Nelson, 
1971; Hatcher, 1972; Rankin and others, 1973, 1975) and has also resulted in the 
designation of ―terranes‖, based on structural associations (e.g., the Cullowhee and Toe 
Terranes: Raymond et al 1989) and more recently on radiometric dating results of 
enclosed granitoids and migmatitic segregations (the Cartoogechaye, Tugaloo, and 
Dahlonega Gold Belt terranes: Miller et al., 1997; Bream et al., 2003; Carrigan et al., 
2003; Moecher et al., 2004; Ownby et al., 2004; Hatcher et al., 2005; Merschat, unpub.).  
Several larger mafic-ultramafic rock associations exposed within the Cartoogechaye 
terrane of the Central Blue Ridge have been posited to be mega-blocks within these 
olistostromal units (Raymond et al., 1989; Lacazette and Rast, 1989; Hatcher et al., 2005) 
and many of these preserve chemical signatures and lithological features consistent with 
oceanic origins (McElhaney and McSween, 1983; Berger et al., 2001; Peterson et al., 
2009), signatures that are distinct from those of mafic blocks further northeast in the 
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terrane (Ryan et al., 2005).  All of these rocks show evidence for multiple episodes of 
metamorphic overprinting, experiencing peak metamorphic conditions at some time 
during the Taconic orogeny (~460 – 440 Ma) (Berquist, 2005; Hatcher et al., 2005) as 
high as granulite facies, with subsequent retrograde metamorphism reaching mid-to-
upper-amphibolite facies, that makes determining the original igneous affinities of these 
blocks difficult.  While it is commonly suggested that the mafic blocks of the 
Cartoogechaye terrane are of igneous origin, the variations among their likely protoliths 
raise questions about their igneous petrogenesis and emplacement histories within the 
olistostromal terrane.  Comparative studies on some of these massifs have indicated 
similarities among individual suites (see Hatcher et al., 1984; Berger et al., 2001).  
However, the overarching relationships among the various mafic rocks of the southern 
Cartoogechaye terrane are not well constrained (Hatcher et al., 2005).   
To better understand the igneous origins, metamorphic histories, unit 
relationships, and regional patterns among these mafic rocks and their enclosing crustal 
units, this study examines the bulk rock and mineral geochemistry of several suites of 
amphibolites, for comparison to existing published data from the southern portion of the 
Cartoogechaye terrane.  For it is the hypothesis of this study that the amphibolites of the 
southern Cartoogechaye are compositionally distinct from those of the north and that the 
southern amphibolites are all of a single olistostromal sequence of oceanic crustal origins, 
not arc protoliths of a different parental magma source.  Through examining the bulk 
rock chemistry of these amphibolites, especially their immobile trace element 
systematics, one can effectively see through post-crystallization modification due to 
regional metamorphism and associated metasomatism.  Relict mineral and bulk rock 
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compositions can provide clues as to the magmatic histories of amphibolite protoliths.  
Constraining petrogenetic relationships and chemical signatures among these mafic 
protoliths can further our understanding of the origins of individual Blue Ridge 
amphibolite associations, of subduction-accretionary processes active as these units were 
emplaced, and into the origins of olistostromal sequences in the Cartoogechaye Terrane.   
This study combines the published chemical data for amphibolites of the largest 
mafic massifs in the Cartoogechaye with new data for units previously not extensively 
examined with trace element systematics.  Additionally, block-in-matrix amphibolites 
from a well-preserved road cut are examined to aid in the void of mafic massifs in the 
central portion of the study area.  Background information on published units is outlined 
in this study and serves as a basis for the lesser understood mafic units.  Results from all 
the units are combined and various major, trace, rare-earth, and mineral chemistry 
systematics are provided to examine protolith potentials, metamorphic processes, and 
magmatic differentiation.  These systematics will be used to test the hypothesis that the 
units of the northern Cartoogechaye are of different igneous origins from those of that 
south, that are part of single olistostromal sequence of oceanic crustal origins. 
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BACKGROUND  
Regional Geologic Setting 
The Blue Ridge Province of the southern Appalachians is an area east of the 
Valley and Ridge and west of the Brevard zone (Figure 1).  The province is separated 
into two major tectonostratigraphic terranes by the east-dipping Hayesville thrust fault 
and divided from the Brevard zone by the gently east-dipping Chattahoochee Fault 
(Figure 2).  The fault is recognized as the pre-metamorphic boundary separating the 
metasedimentary Ocoee Supergroup and the overlying units (the Murphy Belt) of the 
western Blue Ridge from higher grade gneissic rocks of the eastern Blue Ridge (Rankin, 
1975; Hatcher, 1978).  This distinction is partly based on the abundant occurrence of 
mafic and especially ultramafic rocks of presumed igneous origins in the eastern Blue 
Ridge, as compared to limited exposures or no igneous rocks in the western Blue Ridge 
(Hatcher, 1978).  Rocks on the eastern side of the Hayesville fault represent formerly 
rifted crustal fragments (continental fragments to island arcs), and may also preserve the 
suture zone of an island arc that collided during the Ordovician Taconic orogenic event 
(Hatcher, 1978; Moecher et al., 2004). 
The original division of the Western and Eastern Blue Ridge provinces has more 
recently been modified to highlight the complex and anomalous rocks immediately east 
of the Hayesville thrust and west of the Chattahoochee Fault.  These rocks, originally 
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lumped together as the Central Blue Ridge terrane (Rankin, 1976; Hatcher, 1978) include 
sequences of highly metamorphosed, lithologically complicated rocks that manifest 
block-in-matrix textures on a range of length scales.  Some have suggested that all these 
mafic and ultramafic blocks are igneous rocks of ―oceanic‖ origins and that these are a 
single olistostromal terrane (Misra and Keller, 1978; Misra and McSween, 1984).  A 
number of non-subduction tectonic origins for these rocks have been proposed (Raymond 
et al., 1989; Lacazette and Rast, 1989).  However, the origins of these block-in-matrix 
units, of the mafic rocks entrained in them, and of the larger mafic-ultramafic massifs 
associated with them are not well understood (Egger, 1983; Hatcher, 1987; Meen, 1988; 
Raymond et al., 1989; Walter, 1990; Warner, 2001; Ryan et al., 2005). 
 
 
Figure 1:  Generalized regional map of provinces.  BFZ – Brevard fault zone.  Adapted 
from Hatcher et al., 2005. 
 
N 
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Figure 2:  Map of subprovinces, terranes, and regional geology.  Bold lines represent the 
terrane bounding faults.  Dashed box shows zoom extent of Figure 3.  LCR – Lake 
Chatuge reservoir.  Modified from North Carolina Geological Survey geological map and 
adapted from Hatcher et al., 2004, 2010. 
 
Original mapping in this area sought to identify a series of quasi-stratified 
metasedimentary formations (i.e., the Tallulah Falls Formation, the Otto Formation, the 
Coweeta Group, the Cullowhee Gneiss) (Stuckey and Conrad, 1958; Hadley, 1970; 
Bryant and Reed, 1970; Hatcher, 1973; Hatcher and Butler, 1979), but later efforts have 
focused on the identification of structural or lithostratigraphic terranes, highlighting the 
olistostromal character of these rocks.  Raymond et al. (1989) identified the Cullowhee 
and Toe terranes, while Hatcher and coworkers (2002; 2005) have suggested a more 
complicated arrangement comprising three or more Central Blue Ridge terranes (the 
Cartoogechaye, the Tugaloo, the Dahlonega Gold Belt terranes, as well as the Mars Hill 
Terrane).  The Cartoogechaye terrane of Hatcher and others (2005) is bounded in the 
7 
 
west by the Hayesville thrust and includes metasandstones (defined by the presence of 
one mica), pelitic biotite gneisses, and schists of the Coweeta Group and the Tallulah 
Falls Formation.  It is bounded to the east by the overriding metagraywacke biotite 
gneisses/schists of the Tugaloo terrane and the pelitic schists and the two-mica, two-
feldspar metasandstones of the Dahlonega Gold Belt by the Soque River fault (Hatcher, 
2002).  The Cartoogechaye terrane includes blocks to mega-blocks of sedimentary, 
granitic, mafic, and ultramafic rocks within ostensible Coweeta Group metasedimentary 
matrices, broadly consistent lithologically with a subduction mélange sequence 
(Raymond et al., 1989; Hatcher et al., 2005; Ryan et al., 2005; Peterson et al., 2006).  
Some of these olistostromal units show evidence for extensive and distinctive migmatite 
development, with mafic melanosome blocks surrounded by highly ptygmatic, felsic 
leucosome masses; but migmatite development is highly variable across the terrane.  
Several of the larger mafic-ultramafic massifs in the southwestern portion of the terrane 
have been shown to have ocean crustal origins (Peterson et al., 2009) while the mafic 
units toward its northeastern extents are more indicative of calc-alkaline protoliths (Ryan 
et al., 2005).   
Radiometric dates on Central Blue Ridge mafic and ultramafic rocks are not 
accessible via traditional radiometric dating techniques, given low abundances of 
radioactive Rb and Sm in their protoliths, the absence of modal zircon for U-Pb dating, 
and their extensive metamorphic re-equilibration.  Some limited Re-Os isotopic work has 
been completed on these rocks, but the age constraints are relatively poor (Minarik et al., 
2003).  Mostly, ages for the mafic rocks are inferred based on radiometric constraints on 
surrounding pelitic and granitic rocks, which have recently been the subject of an 
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extensive U-Pb zircon dating campaign (Miller et al., 1998; Bream et al., 2003; Carrigan 
et al., 2003; Moecher et al., 2004; Ownby et al., 2004; Merschat, unpub).  Detrital zircons 
from the metasedimentary rocks of the Cartoogechaye terrane have formation dates of 0.7 
– 1.3 Ga in its southern portion and of 0.95 – 1.8 Ga in its northern portion with a 
metamorphic reset age of ~460 Ma (Moecher et al., 2004; Merschat, unpub). Dahlonega 
Gold Belt detrital zircons preserve similar metamorphic reset ages of ~455 Ma 
(Merschat, unpub) with formation ages of 1.0 – 1.6 Ga (Merschat, unpub; Bream et al., 
2004).  The Tugaloo and Mars Hill terranes are distinctly different in terms of their 
metamorphic reset ages,(~1 Ga) and preserve formation ages of 1.1 – 1.3 Ga (Bream et 
al., 2004) and 1.2 – 1.8 Ga (respectively) (Carrigan et al., 2003; Ownby et al., 2004).  The 
Cartoogechaye terrane overall is suggested to be Mid- to Late Proterozoic based on early 
dating and stratigraphic relations (Fullagar et al., 1979, Brown et al., 1985) and contains 
metasedimentary rocks at least the same age or older than the Ordovician (Bream, 2003).   
Rocks of the Blue Ridge Province have experienced multiple tectonic events and 
have undergone extensive metamorphic re-equilibriums.  The Cartoogechaye terrane 
reached metamorphic grades as high as granulite facies at some time during the 
Ordovician Taconic orogeny, and retrograded to mid-to upper-amphibolite facies 
assemblages (Force, 1976; Hatcher and Butcher, 1979; Absher and McSween, 1985; 
Eckert et al., 1989).  Retrograde greenschist facies assemblages are also present in small 
areas and are likely tied to the remobilization of the units during the Alleghenian orogeny 
(~330 Ma), uplift, and/or activation or reactivation fault zones (Hatcher, 1978; Abbott 
and Raymond, 1984; Raymond et al., 1989; Goldberg and Dallmeyer, 1997).   
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LOCAL GEOLOGICAL SETTING 
Buck Creek Mafic-Ultramafic Suite 
The Buck Creek mafic-ultramafic suite (comprising the Buck Creek ultramafic 
body and the Chunky Gal Mountain amphibolites) is one of the largest mafic/ultramafic 
massifs in the southern Blue Ridge, and lies ~24 km southwest of Franklin, NC (see 
Figure 3).  Originally studied by Hadley (1949) as a corundum mineral resource assay, 
various aspects of the Buck Creek complex have been examined subsequently (Kuntz, 
1964; Yurkovich, 1977; McElhaney and McSween, 1983; Lacazette and Rast, 1989; 
Tenthorey et al., 1996; Emilio, 1998; Morman et al., 1999; Warner, 2001; Berger et al., 
2001; Minarik et al., 2003; Lang et al., 2004).  The suite was most recently mapped in 
detail and chemically described by Peterson et al. (2009), revealing lithologies and 
protolith compositions consistent with an oceanic crustal fragment (Berger et al., 2001; 
Peterson et al., 2009).  The Buck Creek ultramafic body (comprising variably 
metamorphosed dunite and troctolite) is enclosed within the Chunky Gal amphibolites, 
which were divided by Berger et al. (2001) into two types, high-Ti (>1 wt. %) and low-Ti 
(<1 wt %).  The low-Ti amphibolites occur nearest to the ultramafic rocks, and have 
major and trace element compositions that suggest pyroxene-plagioclase cumulate gabbro 
protoliths.  The high-Ti amphibolites, found at greater distances from the ultramafic 
rocks, are the most common in terms of their occurrence in the Chunky Gal outcrop area, 
and preserve magma-like trace element signatures (Berger et al., 2001, Savov et al., 
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2001), and major element compositions consistent with non-cumulate gabbros, diabases, 
or possibly basalts (Berger et al., 2001; Klute and Ryan, 2008; Peterson et al., 2009).  The 
amphibolites commonly display a ―salt & pepper‖ look, and range from schistose to 
gneissic with poikiloblastic to granofelsic textures (Berger et al., 2001).  They contain 
black hornblende + plagioclase ± epidote ± pyroxene ± scapolite with accessory quartz, 
titanite, ilmenite, apatite, and rutile (McElhaney and McSween, 1983; Peterson et al., 
2009).  Epidote and titanite are present in nearly all the samples, while clinopyroxene is 
less and common.  Scapolite is reportedly confined to north and west section of the body 
(McElhaney and McSween, 1983), but appears to be most evident in plagioclase-rich 
amphibolite horizons.  Plagioclase (~An25-45) varies in abundance from ~20% to 90% in 
the amphibolites, while garnet is very uncommon: zones rich in Mn-rich micro-garnets 
appear in a small section of the Chunky Gal amphibolite outcrops at Glade Gap, but are 
evident nowhere else (Klute and Ryan, 2008; Peterson et al., 2009).   
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Figure 3:  Map of study area. (WI) - Willets-Addie, (TC) - Tathams Creek, (CK) - 
Carroll Knob, (KB) – Kimsey Bald, (BC) – Buck Creek, (LC) – Lake Chatuge, (BG) – 
Balsam Gap.  Modified from NCGS geological map and adapted from Hatcher et al., 
2009 
 
The Buck Creek ultramafic suite does not demonstrate evidence for any spatial 
variation in metamorphic grade: Peterson et al., 2009 reported on the presence of 
retrograde epidote/chlorite assemblages as well as relict clinopyroxene in amphibolites 
across the outcrop area, in conflict with the earlier contentions of McElhaney and 
McSween (1983).  Thermobarometric results from the Chunky Gal amphibolites yield 
pressures of 6 kbar at 725°C (McElhaney and McSween, 1983), lower than those inferred 
from adjacent Buck Creek troctolites and dunites (~800°C and up to 12 kbar) (Tenthorey 
et al., 1996; Warner et al., 2001), though these differences may simply reflect the greater 
susceptibility of amphibolites to retrograde metamorphic resetting.   
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Kimsey Bald Mafic Unit 
The Kimsey Bald mafic body lies ~1 km east of the Buck Creek suite.  This 
weathered and poorly exposed amphibolite to garnet amphibolite body is surrounded by 
biotite gneiss-to-schist metasedimentary rocks, and is also in contact with poorly exposed 
quartzofeldspathic gneisses to the south.  No ultramafic rocks are associated with this unit 
(Egger, 1983).  Egger (1983) mapped this unit, and Walter (1990) analyzed a small suite 
of Kimsey Bald samples as part of regional analysis of amphibolite compositions in this 
part of the Central Blue Ridge.  Egger (1983) suggested the Kimsey Bald amphibolites 
were of island-arc origin and relations to surrounding mafic bodies were inconclusive.  
However, Walter (1990) showed the amphibolites were derived from the same parent 
liquid, certainly genetically linked to the Lake Chatuge and Chunky Gal complex, and 
not an island-arc setting.  Neither Egger (1983) nor this author found relict mineralogy at 
Kimsey Bald. 
 
Lake Chatuge Complex 
The Lake Chatuge mafic-ultramafic complex is the southernmost mafic-
ultramafic in the central Blue Ridge province, straddling the border of North Carolina and 
Georgia around the Lake Chatuge reservoir.  Mapped as lying on the Hayesville thrust 
fault, the complex is exposed within the cores of two antiforms (Hartley 1973, Hartley 
and Penley, 1974) with a zoned outcrop pattern of dunite in the center, surrounded by 
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troctolite, and finally olivine gabbros grading into amphibolite (Misra and McSween, 
1984).  The localized pods of garnet-pyroxene gneiss were originally interpreted as 
eclogite (Dallmeyer, 1974) but, have since been described as gabbroic rocks that have 
undergone granulite facies, H2O-poor metamorphism, resulting in the preservation of 
protolith mineral assemblages (Meen, 1988).  Meen (1988) observed relict olivine and 
clinopyroxene, along with garnets in the gabbros and garnet granulites of the Lake 
Chatuge complex.  The complex shows variation in hydration as a consequence to the 
proximity to the surrounding country rock (Meen, 1988).  The two pyroxene assemblages 
of some Lake Chatuge rocks indicate metamorphic temperatures <650°C, while the cores 
of granulite minerals record 840°C at 11 kbar conditions with rims recording ~650°C and 
7 kbar conditions (Meen, 1988). 
Preliminary rare earth element data on a few Lake Chatuge samples by Berger et 
al (2001) suggest similarities in protolith between the Lake Chatuge complex and the 
Buck Creek suite.  Limited Sr isotopic data from Lake Chatuge amphibolites are 
interpreted as being consistent with the upper mantle derivation of its parental magma, 
similar to early results for the Buck Creek suite (Jones et al., 1973; Shaw and 
Wasserburg, 1984).  Walter (1990) showed the Lake Chatuge complex has similar major 
and trace element chemistry as both the Kimsey Bald and Chunky Gal mafic complexes.   
 
The Carroll Knob Complex 
The Carroll Knob mafic-ultramafic complex is the largest coherent mafic unit 
within the southern Blue Ridge.  Carroll Knob lies ~12 km east of Buck Creek, slightly S 
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and W of Franklin, NC, with much of its outcrop area included within the USFS Coweeta 
Hydrologic Station.  Schistose amphibolites and metamorphosed gabbros preserving 
variably coarse grained granoblastic textures are the dominant rock types of the Carroll 
Knob complex, and are enclosed by the metasedimentary rocks of the Coweeta Group.  
The amphibolites and metagabbros contain black hornblende + plagioclase ± garnet with 
relict clinopyroxene (in the metagabbros) and minor amounts of quartz, ilmenite, apatite, 
and magnetite.  Meyer et al. (2001) and Peterson et al. (2006) report uncommon 
troctolitic lithologies at Carroll Knob, similar texturally to those at Buck Creek and Lake 
Chatuge, suggesting the possibility of a similar mafic cumulate origin for this unit 
(Peterson et al., 2006).  A few small lenses of metagabbros and meta-ultramafics, mainly 
pyroxenites, are enclosed by the amphibolites; recognizable olivine-bearing ultramafic 
rocks are uncommon in the Carroll Knob complex.  Walter (1990) noted the absence of 
olivine in the rocks of the complex.  The amphibolites contain black, calcic hornblende + 
plagioclase + quartz ± garnet with minor amounts of titanite, ilmenite, apatite, magnetite, 
and rutile.  Sulfide minerals were shown to be present in the garnet-bearing (usually <1 
cm diameter garnets) amphibolites (Walter, 1990).  This also holds true for the 
metagabbros that contain black, calcic hornblende + plagioclase with small amounts of 
quartz, zircon, rutile, ilmenite, magnetite, and scapolite.   
Compositionally many Carroll Knob amphibolites and metagabbros show 
similarities to the low-Ti amphibolites of the Buck Creek suite, while a few (i.e. Walter, 
1990) bear resemblances to high-Ti Chunky Gal amphibolites (Peterson et al., 2006).  
Hatcher et al. (1984) and Walter (1990) have suggested, based on trace element data, that 
Carroll Knob amphibolites may reflect an island-arc in origin; however Meyer et al. 
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(2001) found markedly different trace element systematics in their collected Carroll Knob 
suite, and suggested analytical problems may have biased these earlier results.  The very 
limited rare earth element (REE) data for Carroll Knob indicate low abundance LREE 
depleted patterns with positive Eu anomalies, consistent with gabbroic cumulates (Berger 
et al., 2001; Peterson et al., 2006).  Peterson et al. (2006) suggested that Carroll Knob and 
Chunky Gal amphibolites are similar to one another and are consistent with modern 
oceanic cumulate and ―isotropic‖ gabbros.  The emplacement and petrogenesis of the 
Carroll Knob complex is not fully understood, as unlike the Buck Creek and Lake 
Chatuge suites there is no clear association with faulting (Hatcher et al., 1984; Peterson et 
al., 2006).  Prior work in the area has focused mainly on the Jones Creek area and areas 
near the Carroll Knob summit ridge 
 
Tathams Creek/Savannah Church Amphibolite Blocks 
Cartoogechaye terrane olistostromal rocks (mapped as Otto Formation, Tallulah 
Falls Formation, or Cullowhee Gneiss [Hadley, 1970; Rankin, 1970; Hatcher, 1973]) 
exposed from Cowee Gap to Balsam Gap along US 23/76 include a variety of variably 
deformed amphibolite blocks, ranging in their long dimension from a few cm to several 
meters, enclosed in a pelitic meta-sedimentary, migmatitic biotite schists and gneisses.  
The best exposures of these rocks are in road cuts near Tathams Creek/Savannah Church 
and in rubblized outcrops along US 23/76 toward Dillsboro, NC.  Amphibolite blocks can 
make up about 15 percent of the outcrop in some places, though in general they comprise 
<10% of exposures (Raymond et al., 1989).  The enclosing felsic matrix consists of 
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biotite ± quartz ± plagioclase ± garnet gneiss, with accessory ilmenite and monazite.  
Calc-silicate, hornblende-bearing quartzite, muscovite granite, chlorite schist, and 
metasandstone (biotite-quartz-feldspar gneiss) blocks are also visible in the Tathams 
Creek outcrop, constituting 15 to 30 percent of the exposure (Raymond et al., 1989).  
Both the felsic matrix and the exotic blocks show extensive plastic deformation and 
record middle- to upper-amphibolite facies metamorphic conditions with extensive partial 
melting of felsic constituents.  Raymond et al. (1989) suggested that the block-in-matrix 
structure developed during pre- and synmetamorphic fragmentation and mixing; however 
the large variety of block types argues against a within-crust origin for these rocks.  Some 
have suggested an ―oceanic‖ origin for these rocks however; no chemical data has been 
published for the Tathams Creek area (Raymond et al., 1989).  Initial Ti-in-biotite 
geothermometry suggest a crystallization temperature of ~650-660° C, and preliminary 
amphibole mineral chemistry showed no distinction between the blocks of Tathams 
Creek and the larger mafic units to the south (Collins and Ryan, 2009). 
 
Willets-Addie Mafic Unit 
The northernmost mafic rocks examined in this study come from the proximity of 
the communities of Willets and Addie, NE of the town of Sylva, NC along US 23/76. 
These amphibolites are in close proximity to and, in a few areas, in apparent contact with 
the Webster-Addie ultramafic body (Ryan et al., 2005).  These amphibolite gneisses are 
consistently migmatitic, and vary in scale from a few cm to km-scale mappable units 
(Ryan et al., 2005).  Webster-Addie ultramafic rocks are distinct mineralogically and 
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texturally from the Buck Creek and Lake Chatuge ultramafic bodies, showing strong 
evidence for extensive shear deformation and lensing and including prominent 
clinopyroxene-bearing lithologies (i.e., the type locality for websterite, which near Addie 
occurs as a two-pyroxene gneiss); geochemically the rocks record very depleted upper 
mantle signatures with ―primitive‖ initial Sr and Nd isotopic ratios (Shaw and 
Wasserburg, 1984).  The Willets-Addie amphibolites and mafic migmatites show major 
element and rare-earth element compositions consistent with andesitic protoliths that are 
inconsistent geochemically with the mantle-derived signatures of the Webster-Addie 
ultramafics (Ryan et al., 2005).  Both the amphibolite and ultramafic bodies are enclosed 
in meta-sedimentary biotite schists to gneisses in a mega-scale ―block-in-matrix‖ 
structure that Ryan et al. (2005) suggests is consistent with a subduction-related mélange.  
The variably migmatitic amphibolites have ―spidery‖ leucosomes of feldspar ± quartz, 
and melanosomes of black hornblende ± biotite ± garnet ± titanite (Ryan et al., 2005).  
The Willets-Addie samples consistently show LREE enrichments, distinct from those of 
Chunky Gal amphibolites (Berger et al., 2001; Soraruf et al., 2002). 
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METHODS 
Field Sites 
Field studies were conducted primarily during the summer of 2010 to collect 
samples for petrographic and chemical study.  Sample locations were identified using a 
high-sensitivity Garmin 60CSx GPS utilizing a quad-helix antenna.  Fieldwork focused 
on sites around Lake Chatuge, the Kimsey Bald massif, and around Carroll Knob.  
Samples from the Buck Creek suite, the Tathams Creek amphibolites, and around the 
Addie-Willets area were collected as part of the USF Geology Department GLY 3311C 
course field trips between 2006 and 2011 and during the USF-WCU REU Site research 
program between 1997 and 2002.  Other samples collected by USF geology students 
between 1996 and 2011 were also examined in this study, but could not be located with 
precision.   
 
Petrology and Mineralogy 
 Hand samples and polished slabs of collected samples were prepared and 
examined for mineral assemblages and proportions.  Thin sections were prepared from 
each sample and analyzed using transmitted light microscopy to identify primary mineral 
assemblages.  Thin sections were polished to 0.3μm to conduct reflected light microscopy 
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for preliminary opaque identification, and for mineral chemistry analysis via electron 
microprobe.   
 
Mineral Chemistry  
Mineral chemistry was collected using Electron Probe MicroAnalyzer (EPMA) 
JEOL 8900R Superprobe at the Florida International University‘s (FIU) Florida Center 
for Analytical Electron Microscopy (FCAEM).  Measurements were made from USF 
following FCAEM remote operation protocols.  The FCAEM system includes an energy 
dispersive spectrometer and five wavelength-dispersive spectrometers.  Analysis 
conditions were maintained at 15KV and 20mA beam intensity, with an electron beam 
diameter of <5 μm.  Count times ranged from 10 – 15sec. for major elements, while Zr, 
P, Cr, and Mn were collected with count times of 20 to 60sec.  Calibration standards 
chosen for WDS measurements were, wherever possible, minerals chemically similar to 
those encountered in our samples (almandine (Fe), plagioclase feldspar (Al, Na, Ca), 
biotite (K), diopside (Mg, Si), rutile (Ti), kaersutite (Ca, Ti), rhodonite (Mn), cubic-
zirconium (Zr), chromite (Cr), and apatite (P)).  
Samples from each of the studied amphibolite suites were studied for mineral 
compositions.  These data were combined with unpublished results from 1997-98 and 
2000-01 REU program, from measurements conducted during GLY 3311C course 
sections at USF between 2006 and 2010, and the data from Donovan and Ryan (2009) 
and Klute and Ryan (2008). 
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Whole Rock Chemistry 
 Samples were crushed and powdered in an alumina-ceramic ball mill.  Sample 
powders were digested following classic lithium metaborate (LiBO2) fluxed fusion 
methodologies to ensure complete digestion of zircon and possible spinel phases.  A flux 
to sample ratio of 4:1 (0.1000 g ± 0.0001 g to 0.4000 g ± 0.0001 g) was combined in a 
graphite crucible and fused in a muffle furnace at 1075° C for 15 minutes.  The hot fusion 
beads were dissolved and diluted to 250:1 in a 2% nitric acid (HNO3) solution spiked 
with 1 ppm germanium (Ge) (for use as an internal standard and 1000 ppm lithium (Li) (a 
peak enhancer added to minimize matrix effects).  Solutions were further diluted to 
10,000:1 for the measurement of major elements.  For measuring trace and rare earth 
elements (REE), solutions were diluted to 1,000:1 using the 2% HNO3 solution with the 
addition of 10 ppb indium (In). 
 Samples from Tathams Creek were also prepared using an HF-HNO3 acid 
digestion method modified from Kelley et al. (2003).  Powdered samples (0.1000 g ± 
0.0001) were combined with 6 mL of distilled HNO3 and 2 mL of distilled hydrofluoric 
acid (HF), and heated in a sealed Teflon container at 100° C for 24 hours.  Samples were 
evaporated at <100°C, resuspended in 6 mL HNO3 and 6 mL DI H2O, ensuring complete 
dissolution by heating at <100°C for 12 hours.  These samples were diluted to 2,000:1 for 
the measurement of lithophile trace elements, and rare earth elements.  To ensure samples 
remained suspended, they were each sonified before analysis. 
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Whole-rock major element compositions were measured using a Perkin Elmer 
Optima 2000DV Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) 
in the USF Department of Geology.  The ICP-OES was at an RF power of 1300 watts, 
with a nebulizer flow (argon) of 0.8 mL/minute and an auxiliary flow (nitrogen) of 0.2 
mL/minute for all major elements save Na and K.  Calibration standards (BHVO-2, BIR-
1, JA-1, JA-2, JB-3, JR-1, and BCR-2) were prepared and measured with each set of 
unknowns to establish working curves for each element.  The Ge spike was used as the 
internal standard during analysis and an in-house standard, BC-1, a troctolite from the 
Buck Creek suite, was used a drift monitor.  Axial and radial maximum intensities were 
tuned using a 1 ppm Mn solution.  Sodium (Na) and potassium (K) measurements were 
conducted in separate analytical runs, at a lower RF power (900 watts) and nebulizer flow 
(0.6 mL/minute).  Two different Na and K wavelengths were measured, using both radial 
and attenuated radial spectral scans.  Data reduction and calibration were conducted 
offline via spreadsheet, to optimize corrections for drift and baseline variations, and for 
aliquot weights. 
 Whole-rock trace element and rare earth element data were measured using a 
PerkinElmer-Sciex ELAN DRCII Inductively Coupled Plasma Mass Spectrometer (ICP-
MS) system in the USF Department of Geology.  ICP-MS operating conditions were set 
at an RF power of 1100 watts, and nebulizer flow rates were optimized following 
automated Perkin-Elmer standard routines.  These standard routines maximized for In 
and minimized oxide and double charge formations.  Signal optimization was performed 
using the ICPMS Smart Tune solution produced by Perkin Elmer.  Calibration standards 
included BHVO-2, BIR-1, JA-2, AGV-1, JR-1, BCR-2, and W-2, run with unknowns in 
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each ICP-MS session.  The 10 ppb In spike was used as an internal standard and JB-3 
was prepared as a drift monitor.  Calibration curves were defined via automatic protocols 
in the ICP-MS software package. 
 Estimates of analytical uncertainty for all elements analyzed, based on multiple 
measurements of JB-3, on the ICP-OES and the ICP-MS are given in Tables 1 and 2.   
 
Table 1:  Analytical error from ICP-OES for standard JB-3. 
 
 
 
ICP-OES Error for international standard JB-3
Certified Measured Error
Al2O3 17.19 17.08 0.68%
Fe2O3T 11.82 11.83 -0.04%
MgO 5.19 5.11 1.65%
CaO 9.79 9.75 0.46%
P2O5 0.29 0.29 1.14%
TiO2 1.43 1.39 3.08%
Na2O 2.74 2.78 -1.69%
K2O 0.78 0.78 0.97%
MnO 0.18 0.17 1.96%
SiO2 50.96 51.22 -0.52%
Cr 58.10 61.15 -5.26%
V 372.00 364.00 2.15%
Ni 36.20 21.76 39.90%
Total 100.39 100.39 -0.01%
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Table 2:  Analytical error from ICP-MS for standard JB-3. 
 
 
 
 
 
 
 
 
International Standard JB-3
Certified Measured Error Certified Measured Error
Sc 33.8 33.63 0.51% La 8.81 8.99 -2.03%
V 372 376.68 -1.26% Ce 21.5 21.37 0.62%
Cr 58.1 66.52 -14.48% Pr 3.11 3.14 -0.88%
Co 34.3 35.04 -2.17% Nd 15.6 15.59 0.04%
Ni 36.2 37.08 -2.42% Sm 4.27 4.31 -1.05%
Cu 194 193.10 0.46% Eu 1.32 1.33 -0.81%
Zn 100 100.83 -0.83% Eu 1.32 1.31 1.11%
Ga 19.8 20.21 -2.09% Gd 4.67 4.68 -0.27%
Rb 15.1 15.24 0.95% Tb 0.73 0.73 -0.27%
Sr 403 402.55 0.11% Dy 4.54 4.55 -0.15%
Y 26.9 26.97 -0.24% Ho 0.8 0.81 -1.24%
Zr 97.8 99.50 -1.73% Er 2.49 2.48 0.24%
Nb 2.47 2.40 2.71% Yb 2.55 2.54 0.22%
As 1.84 1.83 -0.76% Lu 0.39 0.39 -0.17%
Cs 0.94 0.99 5.38% Hf 2.67 2.65 0.84%
Ba 245 245.79 -0.32% Hf 2.67 2.69 -0.85%
Ta 0.15 0.15 -2.85%
Pb 5.58 5.56 0.36%
Th 1.27 1.29 -1.58%
U 0.48 0.50 -4.18%
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RESULTS 
Petrography 
Petrographic thin sections prepared from the Tathams Creek, Kimsey Bald, 
Carroll Knob, and Lake Chatuge amphibolites were examined to investigate mineral 
assemblages through optical microscopy and reflected-light microscopy.  Petrography of 
Buck Creek, Willets, and Carroll Knob were described by previous authors and reported 
in the Local Geological Setting section above.  
The Tathams Creek amphibolite blocks are composed of green hornblende + 
plagioclase ± garnet ± quartz, with minor amounts of rutile, sericite, and ilmenite, which 
often have symplectic intergrowths of titanite.  The fine-grained gneissic to schistic 
blocks are often entirely sheathed in biotite, a feature more prevalent in the smaller 
blocks (<1 m).  Texturally the amphiboles vary widely, with most having an anhedral 
fine-grained recrystallization texture, while others show a fibrous to stubby, sub-euhedral 
crystalline texture.  Almandine garnets are common in the blocks and have abundant 
small quartz and plagioclase inclusions but are free of zoning.  Smaller blocks (<0.5 m) 
often display a foliation of quartz through their central core.  Relict mineralogy was not 
observed in the Tathams Creek amphibolites. 
Kimsey Bald amphibolites are medium to coarse grained and are show a ―salt and 
pepper‖ to gneissic texture.  They are composed of black hornblende + plagioclase ± 
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garnet, with minor amounts of ilmenite, epidote, chlorite, titanite, rutile, and quartz.  In 
thin section the amphibolites reveal a mostly granoblastic texture.  Hornblende crystals 
are usually stubby, sub-euhedral to euhedral.  Egger (1983) recognized two types of 
amphibolites on Kimsey Bald and showed that the only distinction between them was the 
presence or absence of garnet.  The euhedral almandine garnets, when present, can be up 
to 5 cm in diameter, show no visible zoning with very limited quartz inclusions, and are 
often rimmed by amphibole.  Neither Egger (1983) nor this author found evidence of 
relict mineralogy in the Kimsey Bald amphibolites. 
The amphibolites of the Lake Chatuge mafic-ultramafic suite are medium-to 
coarse-grained and have a gneissic texture.  They are comprised of green to black 
hornblende + plagioclase ± garnet ± epidote and minor amounts of rutile, apatite, 
ilmenite, and titanite.  Lake Chatuge amphibolites have the highest occurrence of rutile of 
this study, which often occurs as acicular inclusions within garnets.  Small amounts of 
quartz and plagioclase are also common garnet inclusions.  The rutile is often replaced by 
titanite, which displays symplectic textures with surrounding amphiboles.  Hartley and 
Penley (1974) and Meen (1988) described the amphibolites as having small amounts of 
clinozoisite replacing amphiboles, though this was not evident in the samples of this 
study.  Relict minerals are uncommon in the amphibolites but include small grains of 
clinopyroxenes.   
Carroll Knob samples were described by Walter (1990) and this description is 
included in Local Geologic Setting section above.  These samples contained the highest 
percentages of sub-euhedral to euhedral amphiboles and opaques of the amphibolites this 
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study (see Table 3).  Garnets are less common in these amphibolites than the other mafic 
units and are mostly free of inclusions.   
Petrography for the Buck Creek suite and Willets-Addie mafic unit was well 
described by Peterson et al. (2009) and Ryan et al. (2005) and is included in the Local 
Geological Setting section above.  Mineral proportions for these units are included in 
Table 3. 
 
Table 3:  Estimated mineral percentages in amphibolites of sample sites for this study. 
 
 
 
Mineral Chemistry 
 Thin sections were polished for EPMA analysis to determine the mineral 
chemistry of amphiboles, plagioclases, and opaques.  Mineral chemistries of amphiboles 
and plagioclases will provide a means to investigate metamorphic pressures, differentiate 
between prograde and retrograde assemblages, and complement the limitations of optical 
and light-reflected microscopy.   
Amphibole Plagioclase Quartz Garnet Opaques Rutile
Willets-Addie 40 - 60% 10 - 20% 20 - 40% <1% <1% <1%
Tatham's Creek 50 - 70% 20% 5 - 10% 2-10% <1 - 5% -
Carroll Knob 60 - 80% 5 - 30% 20 - 30% <1% 5 - 15% <1%
Kimsey Bald 50 - 70% 10% 20 - 30% 3 - 10% <1 - 5% <1%
Buck Creek 50 - 70% 5 - 15% 7 - 10% - <1% 1%
Lake Chatuge 60 - 70% 5 - 10% 10 - 20% 10 - 20% <2% 1 - 3%
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Amphibole Mineral Chemistry 
The different Central Blue Ridge amphibolite sample suites all contain calcic 
amphiboles which while varying significantly in composition, show similar trends.  Most 
of the amphiboles contain (Na + K) < 0.5 mol and are shown in Figure 4, while the 
remaining amphiboles of (Na + K) > 0.5 mol are shown in Figure 5.  Buck Creek 
amphiboles are predominately magnesiohornblende, but have the largest range of 
compositions within this study, trending from the actinolite to tschermakite, with a 
discontinuity between the actinolite and magnesiohornblende.  Amphiboles from the 
Carroll Knob Complex trend in compositions between magnesiohornblende and 
tschermakite, as well as to the higher alkali magnesiohastingsite.  Tathams Creek 
amphiboles trend from magnesiohornblende to tschermakite, with some higher alkali 
compositions ranging from edenite to magnesiohastingsite.  Kimsey Bald amphiboles 
cluster tightly within the tschermakite and magnesiohastingsite fields.  The Willets-Addie 
samples also cluster more tightly within the tschermakite field and magnesiohastingsite.  
The amphiboles of Lake Chatuge typically show a higher alkali content and range from 
edenite to ferropargasite, with two analyses showing magnesiohornblende compositions.  
All the mafic units show an Mg-dominated amphibole composition. 
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Figure 4:  Amphibole nomenclature.  EPMA data of amphibole compositions plotted on 
current IMA calcic amphibole classification.  Ca > 1.5, (Na + K) < 0.5. 
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Figure 5:  Amphibole nomenclature.  EPMA of amphibole composition plotted on 
current IMA calcic amphibole classification.  Ca > 1.5, (Na + K) > 0.5.  Symbols are the 
same as Figure 4. 
 
Using the Al-in-hornblende geobarometer of Anderson and Smith (1995), 
pressures associated with metamorphic resetting were determined for each amphibolite-
bearing unit and plotted against distance from the terrane bounding Hayesville fault 
(Figure 6).  Amphiboles from the Carroll Knob complex preserve the highest pressures 
among all the mafic units of this study.  The Willets-Addie, Kimsey Bald, and the Buck 
Creek amphibolites all present similar pressures recorded within the amphiboles  (the 
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Buck Creek amphibolites that display clear retrograde metamorphic were excluded from 
Figure 6).  Published temperature values, where available, were used and required by the 
geobarometer while temperatures of ~725°C were assumed when published values were 
unavailable.  Temperatures for the Tathams Creek amphiboles were recalculated using 
various geothermometers, and reveal a wide range of values.  The average of these 
temperatures is 752°C (+/- 0 for the average and +/- 160 among individual 
geothermometers) and shown in Table 4. 
 
 
Figure 6:  Metamorphic pressures with respect to the Hayesville fault. 
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Table 4:  Recalculated temperatures for Tathams Creek amphibolite blocks.  Various 
relevant geothermometers were used and averaged. 
 
 
Figure 7 shows a clear distinction in K sequestration in amphiboles that is 
associated with cumulate versus gabbroic/basaltic protoliths for the amphibolite rocks.  
The Willets-Addie and Tathams Creek samples cluster in a non-cumulate field along with 
amphiboles from Buck Creek high-Ti amphibolites, Kimsey Bald amphibolites, and non-
cumulate amphibolites from Carroll Knob (see discussions of bulk composition below).  
Amphiboles from Buck Creek low Ti amphibolites and cumulate protolith Carroll Knob 
amphibolite form a clear inverse trend at low K2O contents.   
 
BRMNC-1 BRMNC-4 MP07JG MP07BR avg (°C)
Thompson (grnt/bio) 888 826 690 820 806.0
Bhatt-HW (grnt/bio) 840 800 679 787 776.5
Bhatt-GS (grnt/bio) 868 822 687 809 796.5
Henry (Ti in bio) 622 593 649 653 629.3
752.1
avg(°C) 804.5 760.3 676.3 767.3
752.1 avg 752 °C
0 ±
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Figure 7:  K2O (wt %) versus MgO (wt %) plot of amphibole mineral chemistry.  EPMA 
data from each amphibolitic unit are plotted and shaded fields estimated from the 
correlation of the major, trace, and rare earth element data. 
 
Figure 8, a plot of P2O5 versus MgO, shows the possible link between P 
concentrations in Blue Ridge amphiboles and their different igneous protoliths.  While 
errors for P2O5 via EPMA (± 0.02 wt %) are relatively large, clear distinctions are still 
evident between Willets-Addie amphiboles (andesite/dacite protoliths [Ryan et al., 2005]) 
and those from other suites (basaltic/gabbroic/cumulate protoliths [Berger et al., 2001; 
Peterson et al., 2006,2009]).   
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Figure 8:  MgO (wt %) versus P2O5 (wt %) plot of amphibole mineral chemistry.  EPMA 
data from each amphibolitic unit are plotted and shaded fields estimated from the 
correlation of the major, trace, and rare earth element data. 
 
 
Plagioclase Mineral Chemistry 
Plagioclase mineral chemistry is tabulated in Table 5 and presented in Figures 9 
and 10.  CIPW normative values of feldspars are presented in Figure 9, and show the 
plagioclase-dominated character of all samples excepting those of the Willets-Addie 
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suite, which include a significant Or component.  Figure 10, a plot of CaO vs. Na2O, 
reveals a different trajectory for the high-Ti Buck Creek suite amphibolites, some Carroll 
Knob amphibolites, and some Tathams Creek amphibolite blocks relative to all other 
samples examined.  The Buck Creek suite shows the largest range of plagioclase 
compositions of any of the amphibolite units examined, while the Carroll Knob complex 
preserves feldspars with the highest An values.  Limited EPMA data for Lake Chatuge 
plagioclase compositions reveal a limited range of An compositions.   
 
Table 5:  Plagioclase compositions for each amphibolitic unit. 
 
 
Location Anorthite Orthoclase
Willets-Addie 60-40 70-20
Tatham's Creek 60-50 -
Carroll Knob Complex 100-60 -
Kimsey Bald 60-40 -
Buck Creek suite 70-40 -
Chunky Gal Mountain 60-10 -
Lake Chatuge Complex 70-50 -
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Figure 9:  Feldspar triangle calculated from CIPW normative values.  Symbols are the 
same as Figure 8. 
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Figure 10:  EPMA of plagioclase compositions.  Solid line shows plagioclase solid 
solution series of anorthite to albite. 
 
Whole Rock Chemistry 
Whole rock chemical composition is presented here for the mafic units of this 
study and is combined with chemical data from previous studies.  With the exception of 
Willets-Addie and Buck Creek, these previous studies only provided major and limited 
trace element data.  This study examined major, trace, and rare-earth elements for 
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Tathams Creek, Carroll Knob, Kimsey Bald, and Lake Chatuge for comparison with the 
data and interpretations of the Buck Creek and Willets-Addie mafic rocks. 
  
Major Element Variations 
Major element data and CIPW norms for the amphibolites analyzed in this study 
are presented in Tables 6-8, and the data are plotted on traditional igneous classification 
diagrams (TAS, AFM, and Harker plots) in Figures 11-13.  In Figure 3, a total alkalis 
versus silica (TAS) diagram, the amphibolites of the southern Cartoogechaye terrane plot 
within the subalkaline magma series and fall predominantly in the basalt fields, with 
several samples from Buck Creek, Lake Chatuge, and Carroll Knob plotting as picritic 
basalts.  Amphibolites from the Tathams Creek and Willets-Addie suite verge into the 
basaltic andesite-andesite-dacite fields, along with one Carroll Knob amphibolite from 
Walter (1990).  Samples from this study show a slightly lower Si content for the Willets-
Addie amphibolites of Ryan et al. (2005) and plot as basalts.  While one cannot directly 
infer protoliths from this diagram, as it presumes that the rocks being plotted are all of 
igneous origins, it does show that Cartoogechaye amphibolites are predominantly mafic 
in nature, with only limited gradation into intermediate compositional space.  
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Table 6:  Major elements and CIPW norms for Tathams Creek amphibolite blocks. 
 
 
 
 
 
 
 
 
 
Tatham's Creek amphibolite blocks
Sample MP06CH MP05RZ1 MP08R MP09NC MP09OH MPOL MP09CL MPDB MP07JR
Al2O3 14.34 15.86 16.12 15.35 15.41 16.66 16.56 16.33 17.44
Fe2O3 13.54 14.04 10.84 12.91 15.41 11.85 12.92 12.51 11.56
MgO 5.94 6.49 7.77 6.56 6.39 6.87 6.94 7.32 5.36
CaO 8.68 10.76 10.50 10.09 8.59 11.35 9.42 11.49 9.18
P2O5 0.22 0.25 0.17 0.27 0.23 0.14 0.18 0.17 0.18
Na2O 2.23 2.12 2.28 1.24 1.58 1.81 2.05 1.57 2.84
K2O 0.45 0.35 0.31 0.37 0.68 0.45 0.54 0.42 0.45
MnO 0.24 0.25 0.19 0.21 0.25 0.18 0.23 0.22 0.21
TiO2 1.88 2.18 1.47 1.87 2.22 1.42 1.76 1.47 1.44
SiO2 48.48 47.07 46.89 48.76 48.39 46.50 47.66 48.38 50.48
Cr (ppm) 150.58 202.20 274.37 241.41 183.62 216.48 217.80 260.24 211.09
Ni (ppm) 42.77 55.98 98.59 51.98 38.40 71.24 57.37 49.09 33.23
Sr (ppm) 146.63 301.00 307.69 206.58 81.12 368.03 177.77 470.61 186.36
Zr (ppm) 194.07 189.79 118.71 163.58 180.25 113.03 155.38 124.97 130.29
Ba (ppm) 44.92 57.12 12.38 29.07 53.47 66.98 182.41 49.91 38.62
Total 96.0 99.4 96.5 97.6 99.1 97.2 98.3 99.9 99.1
CIPW
Quartz 1.67 0 0 4.53 1.77 0 0 0 0.27
Anorthite 27.77 32.71 32.83 35.22 32.93 35.99 34.35 36.25 33.51
Diopside 11.58 15.91 14.96 10.87 6.85 16.11 9.31 16.35 9.08
Hypersthene 27.04 15.34 12.05 27.98 32.83 13.44 22.82 23.33 24.49
Albite 18.87 17.94 19.29 10.49 13.37 15.32 17.35 13.28 24.03
Orthoclase 2.70 2.10 1.83 2.19 4.05 2.70 3.26 2.52 2.66
Olivine 0 8.30 10.57 0 0 8.68 5.24 2.88 0
Nepheline 0 0 0 0 0 0 0 0 0
Apatite 0.51 0.58 0.39 0.63 0.53 0.32 0.42 0.39 0.42
Chromite 0.03 0.03 0.06 0.04 0.01 0.04 0.04 0.04 0.03
Ilmenite 3.57 4.14 2.79 3.55 4.22 2.70 3.34 2.79 2.73
Magnetite 0.99 1.01 0.78 0.94 1.12 0.86 0.94 0.91 0.84
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Table 7:  Major elements and CIPW norms for Carroll Knob Complex amphibolites. 
 
 
 
 
 
 
 
 
 
Carroll Knob Complex
Sample 0710-21 0710-22 0710-23 0710-24 0710-26c 0710-27 0710-28 0710-29b 0710-31
Rock Type Amphibolite Metagabbro Amphibolite Metagabbro Amphibolite Amphibolite Amphibolite Amphibolite Metagabbro
Al2O3 17.95 19.21 18.48 22.12 17.02 18.11 22.80 15.28 16.95
Fe2O3 10.33 17.21 17.30 7.56 13.04 9.92 14.44 12.75 13.00
MgO 8.38 7.05 6.19 7.55 10.26 7.11 4.57 8.83 7.43
CaO 13.88 14.17 13.50 16.36 12.56 10.97 11.24 13.33 11.71
P2O5 0.07 0.02 1.65 0.06 0.07 0.04 -0.08 0.08 0.06
Na2O 0.87 0.91 1.31 0.78 0.80 0.93 1.25 1.86 1.34
K2O 0.14 0.13 0.27 0.12 0.12 0.43 0.25 0.17 0.35
MnO 0.21 0.17 0.25 0.13 0.20 0.18 0.13 0.21 0.26
TiO2 0.23 1.21 3.27 0.17 0.42 0.36 4.32 0.86 0.41
SiO2 44.84 40.75 39.68 44.44 42.32 51.83 42.08 43.76 44.12
Cr (ppm) 88.85 3.83 2.61 164.65 61.86 159.56 158.37 283.21 138.21
Ni (ppm) 36.07 16.26 9.40 47.61 45.77 45.09 88.15 163.27 55.07
Sr (ppm) 134.11 195.88 233.58 139.63 87.13 138.19 616.61 64.81 138.89
Zr (ppm) 1.79 4.46 3.14 0.99 1.70 22.14 439.04 32.14 5.13
Ba (ppm) 8.77 11.45 15.14 7.73 21.93 16.33 20.10 9.39 37.56
Total 96.9 100.8 101.9 99.3 96.8 99.9 101.0 97.1 95.6
CIPW
Quartz 0 0 0 0 0 6.19 0 0 0
Anorthite 44.66 47.95 43.75 56.50 42.49 43.97 55.86 32.84 39.20
Diopside 19.51 18.13 10.48 19.81 15.90 8.43 0.47 26.97 15.38
Hypersthene 8.96 0 0 0 1.70 28.45 10.15 0.00 7.72
Albite 7.36 0 7.95 4.21 6.77 7.87 10.58 8.53 11.34
Orthoclase 0.83 0 1.60 0.71 0.71 2.54 1.48 1.00 2.07
Olivine 13.26 24.57 23.51 15.05 26.11 0 11.99 19.93 16.83
Nepheline 0 4.17 1.70 1.29 0 0 0 3.90 0
Apatite 0.16 0.05 3.82 0.14 0.16 0.09 0 0.19 0.14
Chromite 0.01 0 0 0.03 0.01 0.04 0.03 0.06 0.03
Ilmenite 0.44 2.30 6.21 0.32 0.80 0.68 8.20 1.63 0.78
Magnetite 0.75 1.25 1.25 0.55 0.94 0.72 1.04 0.93 0.94
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Table 8:  Major elements and CIPW norms for Kimsey Bald amphibolites. 
 
 
Kimsey Bald amphibolites
Sample 0710-03 0710-05 0710-06b 0710-09 0710-10 0710-13a 0710-14b 0710-15 0710-17b 0710-18 0710-19
Al2O3 18.33 17.10 17.03 18.24 18.61 14.83 16.20 18.75 23.92 14.86 17.02
Fe2O3 10.35 13.81 13.96 12.26 13.45 11.21 14.42 12.87 8.36 17.61 14.59
MgO 6.06 5.72 7.46 6.50 5.34 8.20 7.04 7.44 4.46 8.35 7.32
CaO 10.18 10.04 9.33 10.73 9.97 11.55 10.70 10.16 11.11 13.41 9.29
P2O5 0.17 0.09 0.10 0.16 0.09 0.09 0.09 0.12 0.16 0.05 0.04
Na2O 2.28 3.28 2.81 3.32 3.48 2.08 2.31 2.57 3.64 1.73 2.75
K2O 0.65 0.13 0.35 0.23 0.17 0.17 0.45 0.24 0.34 0.28 0.20
MnO 0.31 0.31 0.37 0.29 0.16 0.18 0.19 0.15 0.09 0.26 0.18
TiO2 1.25 1.07 1.12 1.08 1.09 0.69 1.13 1.08 0.72 0.64 0.92
SiO2 45.81 44.74 42.78 45.48 46.06 47.32 44.57 46.65 48.47 43.97 46.05
Total 95.4 96.3 95.3 98.3 98.4 96.3 97.1 100.0 101.3 101.1 98.3
Cr (ppm) 130.97 156.53 12.56 66.64 78.83 190.93 180.27 21.10 9.42 64.36 55.63
Ni (ppm) 62.80 60.94 115.29 103.42 59.57 74.35 94.10 147.11 78.70 61.71 130.88
Sr (ppm) 168.85 111.88 109.82 126.87 167.17 101.63 101.03 157.16 187.12 336.80 191.99
Zr (ppm) 132.19 44.71 50.25 52.69 42.50 38.31 54.04 54.00 38.51 39.80 49.16
Ba (ppm) 54.21 7.45 18.57 19.01 5.83 17.83 10.23 10.56 20.35 50.24 29.38
CIPW
Quartz 0 0 0 0 0 0 0 0 0 0 0
Anorthite 37.84 31.55 32.82 34.19 34.66 30.63 32.50 1126.48 47.92 31.94 33.51
Diopside 9.58 14.81 10.65 14.98 11.95 21.44 16.65 199.00 5.14 28.67 10.29
Hypersthene 8.08 0.00 0.00 0 0 11.39 0 0 0 0 2.03
Albite 19.29 21.20 16.34 19.00 23.43 17.60 17.27 404.59 24.85 5.15 23.27
Orthoclase 3.88 0.77 2.07 1.36 1.00 1.00 2.66 2.67 2.01 1.69 1.18
Olivine 12.21 19.85 24.72 19.38 19.60 10.85 22.01 431.28 15.00 24.32 23.82
Nepheline 0 3.55 4.03 4.93 3.26 0 1.23 4.02 3.23 5.14 0
Apatite 0.39 0.21 0.23 0.37 0.21 0.21 0.21 0.04 0.37 0.12 0.09
Chromite 0.03 0.03 0 0.01 0.01 0.04 0.04 0 0 0.01 0.01
Ilmenite 2.37 2.03 2.13 2.05 2.07 1.31 2.15 4.44 1.37 1.22 1.75
Magnetite 0.75 1.00 1.01 0.88 0.97 0.81 1.04 1.01 0.61 1.28 1.06
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Figure 11: Total alkalis versus silica (TAS) diagram. 
 
To distinguish among tholeiitic and calc-alkaline affinities, and thereby place 
some broad tectonic constraints on protolith, the amphibolites were plotted on an AFM 
(alkalis + FeO oxides + MgO) diagram (Figure 12).  Most of the amphibolites cluster 
along a tholeiitic trajectory (increasing Fe/Mg with little change in alkali content) with 
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Carroll Knob samples spanning the largest range in composition.  Willets-Addie suite 
samples fall along a distinctively calc-alkali trajectory, separate from the other mafic 
units and are more scattered.   
 
 
Figure 12: AFM diagram. Amphibolites from this study, combined with data from 
Walter (1990), Ryan et al. (2005), and Peterson et al. (2009).  
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Figure 13, a plot of MgO versus Al2O3, has been used by Ryan et al. (2005) and 
Peterson et al. (2009), to distinguish between cumulate and non-cumulate protoliths for 
mafic and ultramafic rocks from the Buck Creek suite and other Blue Ridge mafic-
ultramafic associations.  Compositions for olivine, plagioclase, and clinopyroxene, the 
common mineral constituents of mafic cumulate, form the endpoints of a ―cumulate 
triangle‖.  Samples that fall within the triangle likely had cumulate protoliths comprised 
of varying compositions of the end-member minerals, while samples which fall outside 
the triangle preserve more magmatic or lava-like signatures.  Most of the amphibolites 
examined in this study plot outside the ―cumulate triangle‖.  Most of the Buck Creek 
suite amphibolites fall inside the cumulate triangle and follow trends associated with 
olivine ± plagioclase enrichment.  Carroll Knob samples, by contrast follow more of a 
plagioclase ± pyroxene trend, and are overall lower in MgO abundances than most Buck 
Creek suite amphibolites.  All of the mafic units examined include magmatic 
amphibolites with fairly consistent Al2O3 contents, and compositions similar to the non-
cumulate amphibolites of the Buck Creek suite. 
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Figure 13:  Al2O3 vs. MgO plot with ―cumulate triangle‖ drawn.  Trend of the Buck 
Creek suite is shown for comparison.  TC – Tathams Creek, KB – Kimsey Bald, LC – 
Lake Chatuge, WI – Willets-Addie.  Ol-olivine, Cpx-clinopyroxene, Plag-plagioclase.  
Graph adapted from Ryan et al. (2005) and Peterson et al. (2009). 
 
Figure 14 is plot of TiO2 versus Fe2O3 examining the concentration of a fairly 
incompatible element as a function of mafic differentiation in the amphibolites.  Three 
data arrays are evident: the Carroll Knob suite shows the lowest Ti/Fe ratios, while the 
Buck Creek, Kimsey Bald and Lake Chatuge suites cluster together at a somewhat higher 
Ti/Fe ratio than Carroll Knob but with some overlap.  The Willets-Addie and Tathams 
Creek amphibolite suites cluster together at the highest Ti/Fe ratio. 
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Figure 14:  TiO2 (wt %) versus FeOT (wt %) plot. WI-Willets-Addie, TC-Tathams 
Creek, BC-Buck Creek, KB-Kimsey Bald, and LC-Lake Chatuge. 
 
Major element chemistry provides useful information on the broad compositional 
character of the amphibolites, and place useful constraints on protoliths.  However, the 
highly metamorphosed nature of the Cartoogechaye rocks and the mobility of key major 
elements (in particular the alkali metals) limit what can be inferred about protolith and 
setting without further information.   
 
Trace Elements 
Trace element data from this study are presented in Figures 15-20 and when 
available, are combined with published data for related mafic units.  Trace element data 
46 
 
available from the literature is limited and often comes without mention of analytical 
specifics, accuracy, and precision, which limits its interpretive value. 
Figure 15 plots Y versus Zr, with estimated fields of rock compositions based data 
off the EarthChem geochemical database (EarthChem.org).  The Carroll Knob Complex 
amphibolites have the lowest Y/Zr ratios and together with the Buck Creek suite, Kimsey 
Bald, and Lake Chatuge amphibolites form a broad array.  Tathams Creek samples show 
slightly lower Y/Zr ratios at a given concentration in comparison to the other mafic suites 
for which there is data.  The trend of our Blue Ridge data best fits that of mid-ocean ridge 
basalts (based on Earthchem results) which would seem to preclude enriched mantle 
reservoirs as sources for their protoliths.   
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Figure 15:  Y versus Zr plot.  Black circle represents MORBs from EarthChem data.  
TC-Tathams Creek, BC-Buck Creek, LC-Lake Chatuge, CK-Carroll Knob, KB-Kimsey 
Bald.  Willets-Addie amphibolites were not available for this comparison due to lack of 
published Y and Zr values. 
 
Figure 16 plots Ni versus Cr to examine the presence and proportions of olivine 
(Ni) and clinopyroxene (Cr) in amphibolite protoliths.  The Buck Creek and Carroll Knob 
suites show divergent arrays, demonstrating that accumulation of olivine and pyroxene, 
respectively, were important in the magmatic evolution of their gabbroic protoliths.  All 
of the other amphibolite suites converge on a tight linear trend at low Ni and Cr 
concentrations. 
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Figure 16:  Ni (ppm) versus Cr (ppm) plot.  Shaded fields present trends of olivine and 
clinopyroxene accumulation relative to these elements.  Data from this study, Walter 
(1990), Ryan et al. (2005), and Peterson et al. (2009). 
 
Figure 17 plots Sc/Ni versus Eu* (a measure of the extent of sample Eu 
anomalies) to understand the distribution of olivine and pyroxene with respect to 
cumulate versus non-cumulate origins for our amphibolites.  The Buck Creek suite has 
the largest positive Eu anomaly and follows an olivine-dominated 
crystallization/accumulation path.  The Carroll Knob complex samples show that both 
olivine- and pyroxene-rich cumulates are a part of this unit.  The Kimsey Bald 
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amphibolites overlap Buck Creek and Carroll Knob non-cumulate rocks.  The non-
cumulate Willets-Addie and Tathams Creek samples span a range of Sc/Ni ratios with Eu 
anomalies ranging from none to slightly negative.  Two Willets-Addie samples show 
very slightly positive Eu anomalies. 
50 
 
 
Figure 17:  Eu* [EuN/((SmN+GdN)/2)] versus Sc/Ni plot.  Sc and Ni data are in ppm.  
Data for this plot is from this study and Ryan et al (2005). 
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Figure 18 plots Sr versus Sc/Ni for the Buck Creek suite, Carroll Knob complex, 
and Kimsey Bald mafic body.  Plagioclase accumulation will control Sr in comparison to 
most other trace elements, as Sc is impacted by pyroxene fractionation and Ni by olivine.  
The Carroll Knob complex shows a wide variation between pyroxene and olivine control, 
with relatively low Sr concentrations overall.  Buck Creek amphibolites show only a 
narrow range of Sc/Ni with greater variations in Sr.  Kimsey Bald samples overlap 
extensively with the Buck Creek amphibolites and some of the olivine-rich Carroll Knob 
samples.   
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Figure 18:  Sr versus Sc/Ni plot.  All elements are presented in ppm.  BC – Buck Creek, 
KB – Kimsey Bald 
 
Figure 19 is plotted on the same scale as Figure 18, but this time highlighting the 
data for the Willets-Addie and Tathams Creek amphibolites.  These suites show a greater 
range in Sr content and comparatively limited ranges in Sc/Ni in comparison to Buck 
Creek, Kimsey Bald, and Carroll Knob amphibolites.   
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Figure 19:  Sr versus Sc/Ni plot.  All elements are presented in ppm.  WI – Willets-
Addie, TC – Tathams Creek. 
 
 Figure 20, a plot of La versus V, again highlights the distinctions between the 
Buck Creek and other southwestern Cartoogechaye terrane amphibolite suites and those 
of the Tathams Creek and Willets-Addie suites.  The Buck Creek, Carroll Knob, Lake 
Chatuge, and Kimsey Bald units cluster tightly at low and fairly consistent La 
concentrations.  The Willets-Addie and Tathams Creek samples by comparison show La 
enrichments relative to their V concentrations, and form distinct clusters.  While the 
amphibolites from the southwestern Cartoogechaye terrane show first-order similarities 
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to mid-ocean ridge basalts in their concentration ranges for La and V, affinities for the 
Willets-Addie and Tathams Creek suites are less clear. 
 
 
Figure 20:  La (ppm) versus V (ppm) plot.  Grey outlined regions represent estimated 
protolithic fields determined from the EarthChem geochemical database.  A) Andes 
Mtns. andesites, B) Hawaii basalts, C) MORBs (Pacific and Atlantic).  Arrow points in 
the direction of andesitic rocks of Hawaii.  Overlay of Japan basalts and andesites lie 
within the white space between WI and TC, removed for clarity.  WI-Willets-Addie, TC-
Tathams Creek, BC-Buck Creek, LC-Lake Chatuge, CK-Carroll Knob, KB-Kimsey Bald. 
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Rare Earth Element Systematics 
Rare earth element abundances in our analyzed amphibolites range between 1 to 
20x chondrite values (CI) for the Carroll Knob, Kimsey Bald, and Buck Creek suites, and 
up to 100x chondrites in the most enriched samples of the Tathams Creek and Willets-
Addie suites.  Rare earth element data for representative site samples are summarized in 
Table 9 (complete data in Appendix X).  Figures 21-29 present our REE results on a 
series of Masuda-Coryell chondrite normalized (after Nakamura, 1974) plots.   
 
Table 9:  REE data for representative samples from amphibolitic units of this study.  
Complete bulk-rock chemistry for each sample is provided in Appendix 1. 
 
 
The Buck Creek amphibolite suite described by Berger et al. (2001) and Peterson 
et al. (2009), and the Willets-Addie mafic unit described by Ryan et al. (2005) will serve 
as the two published end-members for comparisons in this study.  Figures 21 and 22 
presents REE data for the high-Ti and low-Ti amphibolites of the Buck Creek suite by 
Berger et al. (2001).  The high-Ti amphibolites display sub-parallel chondrite-normalized 
REE patterns, with a modest light rare earth element depletions, and range between 10-
20x CI in concentrations, comparable with tholeiitic basalts and gabbros (Berger et al., 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu
Tathams Creek 8.59 24.75 3.89 20.35 6.91 2.45 8.83 1.57 10.19 1.86 5.69 5.88 0.91
Carroll Knob 
lower abundance 1.26 1.67 0.24 1.18 0.43 0.41 0.56 0.10 0.67 0.13 0.39 0.42 0.07
Carroll Knob 
higher abundance 8.65 23.04 4.08 23.17 7.34 1.88 7.68 1.10 5.99 0.99 2.89 2.63 0.39
Kimsey Bald 3.10 4.98 0.79 4.31 1.66 0.65 2.46 0.48 3.46 0.68 2.18 2.35 0.37
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2001).  Buck Creek low-Ti amphibolites have more variable REE patterns, range between 
1 – 10x CI levels, show consistent, positive Eu anomalies and have flat heavy rare earth 
patterns, with the LREE varying from enriched to extremely depleted (Berger et al. 
2001).  The low-Ti amphiboles are thought to represent a range of mafic cumulate 
protoliths consistent with the lower crust of an ophiolitic fragment. 
 
 
Figure 21:  REE spider plot of high-Ti amphibolites from Buck Creek.  Plot is 
normalized to chondrite (Nakamura, 1974) and presents data from Berger et al. (2001) 
and Peterson et al. (2009). 
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Figure 22:  REE spider plot of low-Ti amphibolites from Buck Creek.  Plot is normalized 
to chondrite (Nakamura, 1974) and presents data from Berger et al. (2001) and Peterson 
et al. (2009). 
 
Figure 23 presents the REE data range for the Willets-Addie mafic rocks, from 
Ryan et al. (2005).  The Willets-Addie amphibolites have >10x CI levels and show flat to 
modestly LREE enriched patterns.  Many samples show a negative Eu anomaly, and 
occasional Ce anomalies are present, indicating late-stage metasomatic effects.  This 
pattern is consistent with igneous rocks with calc-alkaline compositions, such as 
andesites or diorites, protoliths far different from those inferred for the Buck Creek suite 
(Ryan et al., 2005).  
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Figure 23:  REE spider plot of amphibolites from Willets-Addie.  Plot is normalized to 
chondrite (Nakamura, 1974) and presents data from Ryan et al. (2005). 
 
Figure 24 presents REE data for the Tathams Creek amphibolite suite overlain on 
the Willets-Addie field.  The flat to slightly LREE enriched patterns of the Tathams 
Creek samples are strongly similar to those for the Willets-Addie amphibolites.  LREE 
variation in the Tathams Creek samples is limited, with very tight clustering of the 
HREE.  The samples have 10-80x CI levels in the rare earths overall, and most show a 
negative Eu anomaly, and no Ce anomalies.   
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Figure 24:  REE spider plot of amphibolite blocks from Tathams Creek.  Plot is 
normalized to chondrite (Nakamura, 1974) and presents data from this study compared to 
Willets-Addie amphibolites of Ryan et al. (2005). 
 
Figure 25 compares the Tathams Creek REE data to a suite of 1,500 andesites and 
300 basalts from the island arc chains of Japan (EarthChem.org).   Ryan et al. (2005) 
described the rocks of Willets-Addie as andesites with subduction-related origins 
different from the Cartoogechaye amphibolites of the south.  This plot attempts to 
provide some tectonic context for the Tathams Creek amphibolite blocks, and the 
Willets-Addie amphibolites. 
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Figure 25:  REE spider plot of amphibolite blocks from Tathams Creek.  Plot is 
normalized to chondrite (Nakamura, 1974) and presents data from this study compared to 
andesites and basalts from the island chain of Japan (shaded field).  REEs for MORBs, 
Hawaii Islands, arc of Japan, Andes Mtns, and seamounts were also compared in this 
fashion and not shown for clarity. 
 
Figure 26 plots our REE results from the Kimsey Bald amphibolites in 
comparison to Buck Creek suite high-Ti amphibolites (Berger et al., 2001). The Kimsey 
Bald samples are tightly nested and most show LREE depleted patterns similar to a first 
order to those of the Buck Creek high Ti rocks.  Most samples show little or no Eu 
anomaly, though several show a mild to moderate level of Ce depletion, with one sample 
recording a significant Ce anomaly.  One sample (0710-03) reveals an enriched LREE 
pattern and lacks a tight nesting with the other Kimsey Bald samples.  This sample 
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extends slightly outside the range of high-Ti amphibolites from the Buck Creek suite 
while maintaining similar concentrations and elemental patterns.  
 
 
Figure 26:  REE spider plot of amphibolites from Kimsey Bald.  Plot is normalized to 
chondrite (Nakamura, 1974) and presents data from this study compared to high-Ti 
amphibolites of Buck Creek from Berger et al. (2001) and Peterson et al. (2009). 
 
REE patterns for the Carroll Knob amphibolites present two different shapes, 
indicating two different rock types (Figures 27-28).  Figure 27 shows concentrations 
ranging from 1- 10x CI, that overlap with the low-Ti amphibolites of Buck Creek.  The 
relatively flat REE patterns are punctuated by moderate positive Eu anomalies and by 
dramatic negative Ce anomalies.  Eu anomalies are not present in all the Carroll Knob 
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samples examined, while some level of Ce anomaly is evident in all samples.  The broad 
range of normalized concentrations and crossing of some samples indicate a continuously 
variable history for these protoliths.  
 
 
Figure 27:  REE spider plot of amphibolites from Carroll Knob.  Plot is normalized to 
chondrite (Nakamura, 1974) and presents data from this study compared to low-Ti 
amphibolites of Buck Creek from Berger et al. (2001) and Peterson et al. (2009). 
 
Plots for the higher REE concentration Carroll Knob amphibolites are shown in 
Figure 28.  These samples range from ~5 to 25 x CI levels and show a distinct concave-
down pattern.  The lowest concentration sample has a LREE enriched pattern with a 
slight positive Eu anomaly and diverges slightly from the concave-down pattern of the 
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other two samples.  These samples grade up to ones with a MREE enrichment, slight 
HREE and LREE depletions, and slightly positive to moderately negative Eu anomalies.  
Ce anomalies within these samples are relatively low. 
 
 
Figure 28:  REE spider plot of amphibolites from Carroll Knob.  Plot is normalized to 
chondrite (Nakamura, 1974) and presents data from this study compared to high-Ti 
amphibolites of Buck Creek from Berger et al. (2001) and Peterson et al. (2009). 
 
The few amphibolites examined from the Lake Chatuge Complex have a 
relatively flat MREE to HREE patterns with LREE depletions and fall within the field for 
the high-Ti amphibolites of the Buck Creek suite (Figure 29).  These samples have 
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concentration roughly around the 10x CI concentration.  There are very little Ce 
anomalies in these samples and one sample shows a mild negative Eu anomaly.   
 
 
Figure 29:  REE spider plot of amphibolites from Lake Chatuge.  Plot is normalized to 
chondrite (Nakamura, 1974) and presents data from this study compared to high-Ti 
amphibolites of Buck Creek from Berger et al. (2001) and Peterson et al. (2009). 
 
Figure 30 is a Ce* [CeN/ ((LaN+NdN)/2)] versus Eu* [EuN/ ((SmN+GdN)/2)] plot 
that examines the metasomatic effects on the amphibolites, evident in negative Ce 
anomalies, in relation to their cumulate versus non-cumulate origins, presented in Eu 
anomalies.  Carroll Knob amphibolites have the largest Ce anomalies of the units in this 
study and significant Eu anomalies.  The Buck Creek suite has Ce anomalies smaller than 
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the Carroll Knob complex while one sample shows the largest Eu anomaly of all the units 
studied.  The Kimsey Bald amphibolites have Eu and Ce anomalies comparable to the 
Buck Creek suite and Carroll Knob complex.  Tathams Creek and most Willets-Addie 
samples have positive Eu anomalies and trend into slight Ce anomalies at the highest Eu* 
levels.  
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Figure 30:  Ce* [CeN/((LaN+NdN)/2)] versus Eu* [EuN/((SmN+GdN)/2)] plot.   
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DISCUSSION AND INTERPRETATION 
Geochemical systematics of the amphibolites provides insight into the likely 
protoliths and relations of the mafic units of the Cartoogechaye terrane.  Published data 
and interpretations for the Willets-Addie mafic unit in the northeast portion of the terrane 
and the Buck Creek mafic-ultramafic suite in the southwest were used to investigate the 
other mafic units of this study.  Starting in the northeast portion of the terrane and 
working southwest, the results of this comparative study are discussed below.  
The Tathams Creek amphibolites show REE patterns that are indistinguishable 
from those of the Willets-Addie amphibolites.  However, their major element data, 
particularly their K2O contents, do not reflect this similarity and non-REE trace element 
systematics show some discrepancies with this correlation.  One possible reason for the 
lower K2O content of the Tathams blocks may arise from sampling issues, as the biotite 
sheathing prevalent around these blocks may have robbed these blocks of their potassium 
during re-equilibrium.  Extensive hydrothermal alteration is likely not the cause of this 
discrepancy, since the Ce anomalies in the Tathams samples are lower than those in the 
Willets-Addie amphibolites, and in the other mafic units of this study.   
Our trace element systematics point to differences in degree of evolution over 
similar crystallization paths.  The differences in Sc/Ni in the two units, at comparable Sr, 
point to similar patterns of evolution, but potential variation in parental magma 
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compositions.  The positive Eu anomalies of the Willets-Addie amphibolites indicate a 
more complex magma chamber history for these rocks than for the Tathams Creek 
amphibolites, pointing to some level of plagioclase accumulation.  However, their V vs. 
La systematics, which can only be affected by hornblende fractionation (unlikely except 
in evolved igneous systems), shows these two suites ultimately followed distinctive 
differentiation paths and is consistent with the non-cumulate origins of these units.  The 
likely accumulation of hornblende during the differentiation of the Willets-Addie 
protoliths presents a different igneous environment than that indicated by the basaltic 
Tathams Creek rocks.  However, the similar REE signatures of Tathams Creek and 
Willets-Addie do point to similar magmatic sources for mafic and intermediate igneous 
rocks in the central part of the Cartoogechaye terrane, yielding both more evolved arc-
like crustal rocks as well as basalts.   
The enigmatic Carroll Knob Complex comprises amphibolites that are consistent 
with metamorphosed oceanic crustal cumulates, similar, to a first order, those of the Buck 
Creek and Lake Chatuge complexes, as has been suggested by Berger et al. (2001) and 
Peterson et al. (2009).  As was noted by these previous studies, the nature of Carroll 
Knob cumulate rocks differs from that of Buck Creek and Lake Chatuge.  Major, trace, 
and REE data all point to pyroxene-rich rocks, which may reflect an active, replenishing 
oceanic magma system, where relatively primitive magmas are injected into and mixed 
with evolved magmas in a long-lived magma chamber.  This combination of 
crystallization and mixing allows pyroxene to precede olivine and plagioclase on the 
liquidus (see Walker et al., 1979), producing unusual pyroxene-rich cumulates consistent 
with the Carroll Knob amphibolite protoliths, although still ultimately derived from 
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depleted mantle sources such as have been inferred for the Buck Creek and Lake Chatuge 
suites. Walker et al. (1979) also showed a slight decrease in load pressure would 
appreciably lower the Ol-Cpx phase boundary of the three-phase system (Ol, Cpx, Qtz), 
providing ever further potential for and variability in mixing of evolved lavas and 
parental magma.  High-Ca clinopyroxene-rich basalts are not uncommon along oceanic 
ridge settings (Walker et al., 1979) making evidence for them in the cumulate rocks of 
the Carroll Knob complex feasible, albeit still interesting.  The magmatic rocks of the 
complex show overall similarities to the basaltic amphibolites of Buck Creek and Lake 
Chatuge, while their chemical differences may be attributed to the accumulation of 
clinopyroxene, and not necessarily to differences in tectonic origins.  
The amphibolites of the Kimsey Bald mafic unit show overall similar chemical 
systematics to high-Ti, MORB-like amphibolites of Buck Creek, consistent with the 
contentions of Walter (1990).  Only one Kimsey Bald sample from this study (0710-03) 
varies from this description, preserving a LREE enriched pattern that may be indicative 
of anomalies in an evolving magmatic system, or of some level of local REE re-
distribution due to garnet growth.  Trace element data is fairly unremarkable in this 
sample showing evidence of only moderate plagioclase and pyroxene accumulation.  Its 
Ce anomaly is the lowest of the Kimsey Bald samples; however, it has a high positive Eu 
anomaly.  This may mean this sample represents a magma with significant accumulated 
plagioclase from near the top of the magma chamber.  While slight positive Eu anomalies 
exist in some of the Kimsey Bald amphibolites and point towards some level of cumulate 
origin for some of these rocks, their LREE depleted patterns, mineral chemistry, and 
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major and trace elements all point to a magmatic protolith consistent with oceanic basalt 
or gabbro.   
Amphibole mineral chemistry can be used to constraint pressures during their 
crystallization, and, through their minor element signatures, as a secondary means of 
constraining Blue Ridge amphibolite protoliths.  Amphibole mineral compositions can 
demonstrate the variation in metamorphic conditions across and among units and can also 
record retrograde metamorphic events.  Peterson et al. (2009) showed that retrograde 
metamorphism was evident within Buck Creek amphibolites, and our mineral chemistry 
data from this study supports this contention.  Several of our Buck Creek samples include 
actinolite amphibole compositions, and vary off of the compositional trends of the rest of 
the suite.  In contrast, anomalous pressure conditions recorded in the Tathams Creek 
amphibolite blocks and may point to a shift in tectonic conditions.  Elevated pressures 
recorded in the Tathams blocks relative to Willets-Addie amphibolites, coupled with the 
varied rock types included in the Tathams Creek outcrop, may reveal this area as a 
boundary zone between accreted upper plate lithologies and the subduction of the lower 
plate oceanic lithologies commonly observed in the southwestern portion of the 
Cartoogechaye terrane.  However, pressures for Tathams amphiboles are comparable to 
those for the Lake Chatuge and Carroll Knob complexes.  When investigating the 
pressures recorded in amphiboles in relation to the terrane-bounding faults, the Buck 
Creek suite and Kimsey Bald amphibolites show consistent pressures with no clear 
relation to distance from the Hayesville fault.  While examining the Carroll Knob and 
Lake Chatuge complex amphibolites in this fashion makes evident a trend of increasing 
pressures with proximity to the terrane bounding Hayesville and Soque River faults.   
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Central Blue Ridge amphiboles show marked variation in K abundances, 
consistent with the transition from cumulate to magmatic rocks documented by 
amphibolite bulk compositions.  This change may be due to the transition from early 
crystallizing Ca-rich plagioclase in cumulate rocks to more Na-rich plagioclase, and their 
subsequent re-equilibrium during peak metamorphism; or it may simply reflect the 
overall K2O inventory of the protolith, which is necessarily taken up better by igneous 
and metamorphic amphiboles than plagioclase and micas.  Bulk rock chemistry for most 
of our samples record similar increases in K2O (<1%) as MgO declines, with the 
exception of the Willets-Addie amphibolites, which can contain >3% K2O.  This 
increased availability of K in the Willets-Addie rocks, however, does not create a 
distinction between their amphiboles and those of the other examined magmatic rocks.  
Experimental studies by Dalpe and Baker (1994) indicate amphibole/melt K partition 
coefficients of 1.38 in basaltic systems under normal igneous conditions, and Nagasawa 
and Schnetzler (1971) estimated amphibole/melt K partition coefficients of 24.2 in 
dacites under normal igneous conditions.  These partitioning results are to a first order 
consistent with our observations of K2O abundance in Blue Ridge amphiboles. 
Examining the An content of plagioclases can permit inferences into metamorphic 
temperatures for the mafic rocks of the Cartoogechaye terrane.  The high An value of 
Carroll Knob amphibolites is consistent with the high temperature metamorphism 
associated with these rocks, while the lower An content of the Chunky Gal amphibolites 
documents retrograde metamorphic effects that impact some of the rocks in the 
Cartoogechaye terrane.   
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The compositional trends of amphibolites in the Cartoogechaye terrane, coupled 
with their inferred crustal ages, leaves some questions about the terrane designation 
scheme and the inferred tectonic processes recorded within it.  Only a few samples from 
the Cartoogechaye terrane have been used to date the terrane overall.  A single, older 
(1.8Ga) sample from the northern portion of the terrane reflects ages similar to the Mars 
Hill terrane to the north and is distinct from the several younger (1.2-1.3Ga) dates of the 
southern Cartoogechaye, near the Buck Creek suite and Kimsey Bald mafic unit.  The 
regional chemical comparison presented in this study points out differences in likely 
igneous origins and magmatic sources for the amphibolites of the southern 
Cartoogechaye versus those of the north.  Given the possible differences in crustal ages 
of the northern versus southern Cartoogechaye terrane, it is valid to ask whether the 
olistostromal rock units enclosing the Willets-Addie and Tathams Creek rocks of the 
northern part of the terrane are in fact part of the same crustal package as the rock units 
that include the massif mafic-ultramafic units in the southern part.  To better understand 
whether the Willets-Addie and Tathams Creek olistostromal rocks represent a distinct 
crustal package, or if they are more deserving of a designation as part of the Mars Hill 
terrane, a chemical comparison of the northern Cartoogechaye amphibolites to those of 
the Mars Hill terrane is a sensible first step.  Additional crustal ages for the northern and 
central portions of the Cartoogechaye terrane will also provide important constraints on 
any inferred terrane division. 
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CONCLUSION 
The study presented in this thesis was conducted to examine the regional 
similarities and differences, protolithic variations, and regional metamorphism of the 
mafic rock units and block assemblages occurring in the Cartoogechaye terrane, toward 
understanding the origins of these assemblages and of the rock sequences comprising this 
Central Blue Ridge terrane.  Based on the findings in this study the following conclusions 
can be drawn: 
1)  The amphibolitic units of the southwestern portion of the Cartoogechaye 
terrane are part of single olistostromal sequence containing massif-scale fragments of 
oceanic crust.   
2)  Kimsey Bald amphibolites are closely related to the Buck Creek and Lake 
Chatuge amphibolitic rocks, representing magmatic sequences consistent with ocean 
ridge basalt-type protoliths like those of the high-Ti Buck Creek suite amphibolites.   
3)  The Carroll Knob Complex represents a pyroxene-cumulate dominated suite 
comparable in its origins of the Buck Creek suite.  Differences in the inferred cumulate 
protolith compositions between Carroll Knob and Buck Creek likely relate to magma 
chamber processes during their igneous formation, as opposed to differences in mantle 
sources, or in their tectonic environments of origin. 
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4)  Amphibolite blocks within the Tathams Creek olistostromal sequence are 
compositionally similar to the amphibolitic blocks and mafic exposures in the Willets-
Addie region and likely reflect calc-alkaline, crustal protoliths. 
5)  Geographic differences in amphibolite composition and occurrence from the 
SW to NE in the Cartoogechaye terrane, consistent with the inferred crustal ages within 
the terrane, indicate a possible lithologic or tectonic divide within this crustal package, 
lying somewhere between the Carroll Knob and Tathams Creek outcrop areas.   
6)  Amphibole mineral chemistry can be used to place constraints on protolith and 
on cumulate versus non-cumulate origins for mafic rocks of the Central Blue Ridge.  
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Appendix 
 
Table 10:  Bulk-rock compositions of Tathams Creek amphibolite blocks. 
 
Tatham's Creek amphibolite blocks
Sample MP06CH MP05RZ1 MP08R MP09NC MP09OH MPOL MP09CL MPDB MP07JR
Al2O3 14.34 15.86 16.12 15.35 15.41 16.66 16.56 16.33 17.44
Fe2O3 13.54 14.04 10.84 12.91 15.41 11.85 12.92 12.51 11.56
MgO 5.94 6.49 7.77 6.56 6.39 6.87 6.94 7.32 5.36
CaO 8.68 10.76 10.50 10.09 8.59 11.35 9.42 11.49 9.18
P2O5 0.22 0.25 0.17 0.27 0.23 0.14 0.18 0.17 0.18
Na2O 2.23 2.12 2.28 1.24 1.58 1.81 2.05 1.57 2.84
K2O 0.45 0.35 0.31 0.37 0.68 0.45 0.54 0.42 0.45
MnO 0.24 0.25 0.19 0.21 0.25 0.18 0.23 0.22 0.21
TiO2 1.88 2.18 1.47 1.87 2.22 1.42 1.76 1.47 1.44
SiO2 48.48 47.07 46.89 48.76 48.39 46.50 47.66 48.38 50.48
Total 96.0 99.4 96.5 97.6 99.1 97.2 98.3 99.9 99.1
Be 3.56 2.64 2.44 6.79 5.29 2.40 4.39 3.77 8.54
Sc 50.16 46.84 44.79 52.14 49.50 42.75 48.65 47.90 45.20
V 373.39 375.86 257.20 345.73 398.51 259.71 315.78 283.03 282.08
Cr 150.58 202.20 274.37 241.41 183.62 216.48 217.80 260.24 211.09
Co 40.41 46.11 44.47 44.16 45.43 46.47 43.28 47.44 34.92
Ni 42.77 55.98 98.59 51.98 38.40 71.24 57.37 49.09 33.23
Cu 74.41 113.48 28.62 32.06 145.12 25.41 28.00 29.42 21.47
Zn 150.98 132.48 86.94 138.35 150.17 145.68 146.28 95.28 101.83
Ga 19.56 18.50 14.76 20.46 19.93 18.33 21.21 18.40 18.58
Rb 7.89 2.96 1.47 4.96 11.20 1.08 8.63 2.49 8.70
Sr 146.63 301.00 307.69 206.58 81.12 368.03 177.77 470.61 186.36
Y 54.80 60.89 35.22 55.14 55.68 36.17 52.90 37.79 46.64
Zr 194.07 189.79 118.71 163.58 180.25 113.03 155.38 124.97 130.29
Nb 9.81 5.71 3.77 12.24 10.17 2.72 5.93 4.36 7.38
As 0.83 1.57 0.67 1.11 1.00 0.57 0.68 0.60 0.88
Cs 0.00 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.04
Ba 44.92 57.12 12.38 29.07 53.47 66.98 182.41 49.91 38.62
La 22.29 12.04 4.56 19.24 8.59 5.87 13.61 8.88 8.50
Ce 54.96 32.19 12.17 48.48 24.75 15.58 34.62 22.20 22.79
Pr 7.62 4.76 1.99 6.46 3.89 2.37 4.85 3.17 3.51
Nd 35.52 23.82 11.02 29.95 20.35 12.25 22.61 15.54 17.37
Sm 9.73 7.56 3.92 8.37 6.91 4.11 6.88 4.78 5.62
Eu 2.26 2.13 1.46 2.14 2.45 1.49 2.42 1.60 1.55
Gd 11.06 9.62 5.11 10.01 8.83 5.32 8.51 5.97 7.15
Tb 1.74 1.65 0.91 1.62 1.57 0.96 1.46 1.02 1.27
Dy 10.29 10.65 6.18 9.86 10.19 6.34 9.35 6.63 8.17
Ho 1.79 1.96 1.15 1.76 1.86 1.18 1.70 1.21 1.46
Er 5.51 6.03 3.47 5.38 5.69 3.70 5.17 3.75 4.29
Yb 5.52 6.23 3.68 5.33 5.88 3.96 5.25 3.90 4.41
Lu 0.83 0.96 0.57 0.80 0.91 0.60 0.79 0.60 0.67
Hf 5.09 4.75 3.11 4.10 4.79 2.92 4.06 3.11 3.25
Ta 0.61 0.33 0.26 0.50 0.56 0.20 0.41 0.23 0.82
Pb 6.67 6.15 4.64 8.23 5.91 8.16 4.59 6.72 7.43
Th 2.53 1.27 0.51 1.19 0.76 0.54 1.56 0.90 1.22
U 1.48 0.70 0.39 0.81 1.61 0.23 1.99 0.45 2.26
CIPW
Quartz 1.67 0 0 4.53 1.77 0 0 0 0.27
Anorthite 27.77 32.71 32.83 35.22 32.93 35.99 34.35 36.25 33.51
Diopside 11.58 15.91 14.96 10.87 6.85 16.11 9.31 16.35 9.08
Hypersthene 27.04 15.34 12.05 27.98 32.83 13.44 22.82 23.33 24.49
Albite 18.87 17.94 19.29 10.49 13.37 15.32 17.35 13.28 24.03
Orthoclase 2.70 2.10 1.83 2.19 4.05 2.70 3.26 2.52 2.66
Olivine 0 8.30 10.57 0 0 8.68 5.24 2.88 0
Nepheline 0 0 0 0 0 0 0 0 0
Apatite 0.51 0.58 0.39 0.63 0.53 0.32 0.42 0.39 0.42
Chromite 0.03 0.03 0.06 0.04 0.01 0.04 0.04 0.04 0.03
Ilmenite 3.57 4.14 2.79 3.55 4.22 2.70 3.34 2.79 2.73
Magnetite 0.99 1.01 0.78 0.94 1.12 0.86 0.94 0.91 0.84
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Table 11:  Bulk-rock compositions for Carroll Knob Complex. 
 
 
Carroll Knob Complex
Sample 0710-21 0710-22 0710-23 0710-24 0710-26c 0710-27 0710-28 0710-29b 0710-31
Rock Type Amphibolite Metagabbro Amphibolite Metagabbro Amphibolite Amphibolite Amphibolite Amphibolite Metagabbro
Al2O3 17.95 19.21 18.48 22.12 17.02 18.11 22.80 15.28 16.95
Fe2O3 10.33 17.21 17.30 7.56 13.04 9.92 14.44 12.75 13.00
MgO 8.38 7.05 6.19 7.55 10.26 7.11 4.57 8.83 7.43
CaO 13.88 14.17 13.50 16.36 12.56 10.97 11.24 13.33 11.71
P2O5 0.07 0.02 1.65 0.06 0.07 0.04 -0.08 0.08 0.06
Na2O 0.87 0.91 1.31 0.78 0.80 0.93 1.25 1.86 1.34
K2O 0.14 0.13 0.27 0.12 0.12 0.43 0.25 0.17 0.35
MnO 0.21 0.17 0.25 0.13 0.20 0.18 0.13 0.21 0.26
TiO2 0.23 1.21 3.27 0.17 0.42 0.36 4.32 0.86 0.41
SiO2 44.84 40.75 39.68 44.44 42.32 51.83 42.08 43.76 44.12
Total 96.9 100.8 101.9 99.3 96.8 99.9 101.0 97.1 95.6
Be 0.59 0.79 0.50
Sc 47.91 43.99 36.10 39.81 47.28 46.23 29.80 47.44 48.26
V 188.99 487.80 190.30 208.66 326.49 283.50 386.12 286.88 360.13
Cr 88.85 3.83 2.61 164.65 61.86 159.56 158.37 283.21 138.21
Co 48.36 69.77 41.01 37.60 52.94 44.11 35.38 72.50 51.35
Ni 36.07 16.26 9.40 47.61 45.77 45.09 88.15 163.27 55.07
Cu 50.62 224.41 59.99 120.54 139.17 63.24 41.90 32.08 152.60
Zn 54.71 91.57 136.38 24.08 59.18 63.76 176.73 81.55 76.14
Ga 10.70 17.37 15.25 12.11 11.84 11.79 22.41 12.26 15.04
Rb 2.57 1.74 2.47 2.77 5.03 3.50 3.02 5.91 6.58
Sr 134.11 195.88 233.58 139.63 87.13 138.19 616.61 64.81 138.89
Y 10.08 4.18 17.82 1.72 8.01 7.37 31.37 32.61 10.97
Zr 1.79 4.46 3.14 0.99 1.70 22.14 439.04 32.14 5.13
Nb 0.10 0.80 2.62 0.18 0.17 0.91 15.13 0.68 1.06
As 0.33 0.34 0.52 0.35 3.46 0.71 0.52 1.28 0.63
Cs 0.01 0.00 0.01 0.01 0.03 0.11 0.02 0.05 0.09
Ba 8.77 11.45 15.14 7.73 21.93 16.33 20.10 9.39 37.56
La 2.25 1.26 2.85 3.62 0.85 2.89 8.65 3.95 4.88
Ce 1.21 1.67 8.75 0.83 1.08 5.77 23.04 3.06 9.64
Pr 0.61 0.24 1.54 0.11 0.32 0.84 4.08 1.37 2.06
Nd 3.07 1.18 9.51 0.47 1.93 3.72 23.17 6.94 9.07
Sm 0.95 0.43 3.20 0.15 0.78 0.96 7.34 2.35 2.00
Eu 0.40 0.41 1.09 0.14 0.33 0.38 1.88 0.86 0.97
Gd 1.26 0.56 4.08 0.24 0.99 1.17 7.68 3.34 2.04
Tb 0.22 0.10 0.58 0.04 0.18 0.18 1.10 0.66 0.33
Dy 1.47 0.67 3.30 0.29 1.23 1.12 5.99 4.75 1.92
Ho 0.28 0.13 0.56 0.06 0.25 0.21 0.99 0.95 0.34
Er 0.87 0.39 1.49 0.17 0.76 0.67 2.89 3.04 1.09
Yb 0.86 0.42 1.10 0.18 0.80 0.71 2.63 3.35 1.20
Lu 0.13 0.07 0.16 0.03 0.12 0.11 0.39 0.52 0.19
Hf 0.11 0.13 0.15 0.04 0.11 0.47 8.48 0.99 0.18
Ta 0.01 0.03 0.15 0.01 0.01 0.06 0.43 0.05 0.05
Pb 1.08 0.96 1.58 0.87 2.30 2.96 8.24 2.53 2.02
Th 0.00 0.00 0.07 0.01 0.00 0.13 0.36 0.01 0.02
U -0.02 0.05 0.08 0.04 0.11 0.09 0.28 -0.01 0.06
CIPW
Quartz 0 0 0 0 0 6.19 0 0 0
Anorthite 44.66 47.95 43.75 56.50 42.49 43.97 55.86 32.84 39.20
Diopside 19.51 18.13 10.48 19.81 15.90 8.43 0.47 26.97 15.38
Hypersthene 8.96 0 0 0 1.70 28.45 10.15 0.00 7.72
Albite 7.36 0 7.95 4.21 6.77 7.87 10.58 8.53 11.34
Orthoclase 0.83 0 1.60 0.71 0.71 2.54 1.48 1.00 2.07
Olivine 13.26 24.57 23.51 15.05 26.11 0 11.99 19.93 16.83
Nepheline 0 4.17 1.70 1.29 0 0 0 3.90 0
Apatite 0.16 0.05 3.82 0.14 0.16 0.09 0 0.19 0.14
Chromite 0.01 0 0 0.03 0.01 0.04 0.03 0.06 0.03
Ilmenite 0.44 2.30 6.21 0.32 0.80 0.68 8.20 1.63 0.78
Magnetite 0.75 1.25 1.25 0.55 0.94 0.72 1.04 0.93 0.94
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Table 12:  Bulk-rock composition of Kimsey Bald amphibolites. 
 
Kimsey Bald amphibolites
Sample 0710-03 0710-05 0710-06b 0710-09 0710-10 0710-13a 0710-14b 0710-15 0710-17b 0710-18 0710-19
Al2O3 18.33 17.10 17.03 18.24 18.61 14.83 16.20 18.75 23.92 14.86 17.02
Fe2O3 10.35 13.81 13.96 12.26 13.45 11.21 14.42 12.87 8.36 17.61 14.59
MgO 6.06 5.72 7.46 6.50 5.34 8.20 7.04 7.44 4.46 8.35 7.32
CaO 10.18 10.04 9.33 10.73 9.97 11.55 10.70 10.16 11.11 13.41 9.29
P2O5 0.17 0.09 0.10 0.16 0.09 0.09 0.09 0.12 0.16 0.05 0.04
Na2O 2.28 3.28 2.81 3.32 3.48 2.08 2.31 2.57 3.64 1.73 2.75
K2O 0.65 0.13 0.35 0.23 0.17 0.17 0.45 0.24 0.34 0.28 0.20
MnO 0.31 0.31 0.37 0.29 0.16 0.18 0.19 0.15 0.09 0.26 0.18
TiO2 1.25 1.07 1.12 1.08 1.09 0.69 1.13 1.08 0.72 0.64 0.92
SiO2 45.81 44.74 42.78 45.48 46.06 47.32 44.57 46.65 48.47 43.97 46.05
Total 95.4 96.3 95.3 98.3 98.4 96.3 97.1 100.0 101.3 101.1 98.3
Be 0.44 1.14
Sc 37.78 37.83 30.07 30.08 36.25 42.68 44.28 29.00 25.19 30.67 31.20
V 322.80 194.11 205.86 212.96 201.68 260.29 364.24 180.42 132.03 302.64 183.01
Cr 130.97 156.53 12.56 66.64 78.83 190.93 180.27 21.10 9.42 64.36 55.63
Co 37.75 52.36 59.53 53.21 49.57 51.38 62.33 56.45 33.91 67.96 59.09
Ni 62.80 60.94 115.29 103.42 59.57 74.35 94.10 147.11 78.70 61.71 130.88
Cu 89.79 14.72 122.15 173.99 66.53 118.50 17.53 176.04 27.80 309.51 22.50
Zn 81.45 89.86 79.18 70.46 86.03 68.36 98.80 75.63 38.74 93.99 91.10
Ga 19.02 14.04 13.53 13.68 14.56 12.66 15.23 13.47 15.81 22.44 13.84
Rb 7.13 0.69 3.39 2.41 0.87 2.61 3.23 3.34 4.54 7.31 5.58
Sr 168.85 111.88 109.82 126.87 167.17 101.63 101.03 157.16 187.12 336.80 191.99
Y 27.15 29.23 30.50 27.38 31.64 25.04 35.41 29.90 26.39 40.40 32.63
Zr 132.19 44.71 50.25 52.69 42.50 38.31 54.04 54.00 38.51 39.80 49.16
Nb 7.09 0.98 1.02 1.01 1.12 1.30 2.03 1.37 3.42 1.36 0.95
As 0.39 0.91 0.70 0.15 0.41 1.09 0.60 0.39 0.29 0.42 0.49
Cs 0.02 0.00 0.00 0.01 0.00 0.03 0.01 0.04 0.02 0.10 0.07
Ba 54.21 7.45 18.57 19.01 5.83 17.83 10.23 10.56 20.35 50.24 29.38
La 11.23 2.16 1.22 1.54 1.26 3.10 1.64 0.98 2.43 5.94 1.14
Ce 25.11 3.45 3.38 3.25 3.72 4.98 4.90 3.81 6.02 5.71 3.48
Pr 3.46 0.67 0.67 0.64 0.73 0.79 0.90 0.76 0.97 1.37 0.66
Nd 15.78 4.44 4.40 4.20 4.64 4.31 5.50 4.69 5.30 6.84 4.20
Sm 4.17 2.06 2.06 1.99 2.08 1.66 2.24 2.06 2.11 2.19 1.97
Eu 1.27 0.95 0.87 0.83 0.97 0.65 0.89 0.87 0.94 1.06 0.86
Gd 4.66 3.08 3.11 2.98 3.09 2.46 3.32 2.97 2.93 3.40 3.02
Tb 0.74 0.61 0.61 0.57 0.62 0.48 0.64 0.58 0.56 0.62 0.60
Dy 4.59 4.29 4.34 3.97 4.47 3.46 4.71 4.07 3.78 4.32 4.42
Ho 0.81 0.81 0.83 0.74 0.86 0.68 0.92 0.78 0.68 0.88 0.87
Er 2.45 2.54 2.55 2.28 2.74 2.18 2.90 2.49 2.06 2.78 2.73
Yb 2.45 2.64 2.66 2.39 2.96 2.35 3.08 2.68 2.07 2.78 3.02
Lu 0.37 0.40 0.42 0.37 0.46 0.37 0.48 0.42 0.31 0.45 0.47
Hf 3.13 1.22 1.28 1.26 1.17 1.01 1.35 1.26 0.92 0.96 1.22
Ta 0.42 0.06 0.06 0.06 0.07 0.07 0.10 0.07 0.18 0.08 0.06
Pb 3.57 1.31 2.39 0.07 1.87 1.05 1.80 1.18 3.97 2.76 1.51
Th 2.81 0.00 0.02 0.01 0.00 0.05 0.00 0.05 0.06 0.35 0.01
U 0.59 -0.01 0.00 0.00 -0.01 0.01 0.00 0.01 0.07 0.12 0.00
CIPW
Quartz 0 0 0 0 0 0 0 0 0 0 0
Anorthite 37.84 31.55 32.82 34.19 34.66 30.63 32.50 1126.48 47.92 31.94 33.51
Diopside 9.58 14.81 10.65 14.98 11.95 21.44 16.65 199.00 5.14 28.67 10.29
Hypersthene 8.08 0.00 0.00 0 0 11.39 0 0 0 0 2.03
Albite 19.29 21.20 16.34 19.00 23.43 17.60 17.27 404.59 24.85 5.15 23.27
Orthoclase 3.88 0.77 2.07 1.36 1.00 1.00 2.66 2.67 2.01 1.69 1.18
Olivine 12.21 19.85 24.72 19.38 19.60 10.85 22.01 431.28 15.00 24.32 23.82
Nepheline 0 3.55 4.03 4.93 3.26 0 1.23 4.02 3.23 5.14 0
Apatite 0.39 0.21 0.23 0.37 0.21 0.21 0.21 0.04 0.37 0.12 0.09
Chromite 0.03 0.03 0 0.01 0.01 0.04 0.04 0 0 0.01 0.01
Ilmenite 2.37 2.03 2.13 2.05 2.07 1.31 2.15 4.44 1.37 1.22 1.75
Magnetite 0.75 1.00 1.01 0.88 0.97 0.81 1.04 1.01 0.61 1.28 1.06
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Table 13:  Bulk-rock composition for miscellaneous samples. 
 
Misc. samples
Sample LCH-2 BC-NC1 BC-NC2 CG-NC1 NCWI1 NCWI2 NCWI3 NCWI4 NCWI5
Location Lake Chatuge Buck Creek Buck Creek Chunky Gal Willets-Addie Willets-Addie Willets-Addie Willets-Addie Willets-Addie
Rock Type Grnt-Pxr Amphibolite Amphibolite Amphibolite Amphibolite Amphibolite Amphibolite Amphibolite Amphibolite
Al2O3 13.87 22.37 20.50 14.88 15.01 16.87 14.86 14.82 16.80
Fe2O3 14.62 5.41 6.55 12.64 10.71 9.56 11.67 11.42 9.43
MgO 7.63 7.95 7.68 9.33 6.80 6.69 6.80 6.44 6.78
CaO 13.00 14.27 14.62 11.49 10.02 10.43 9.83 8.73 10.35
P2O5 0.11 0.07 0.06 0.10 0.11 0.11 0.12 0.12 0.09
Na2O 1.72 1.76 1.99 1.13 3.33 3.18 2.96 2.51 3.49
K2O 0.04 0.07 0.06 0.24 0.75 1.10 0.80 1.36 0.84
MnO 0.23 0.09 0.11 0.20 0.11 0.12 0.12 0.12 0.09
TiO2 1.85 0.25 0.31 0.99 1.36 0.96 1.38 1.49 0.97
SiO2 44.68 46.06 47.01 46.16 51.01 49.76 50.30 50.46 50.96
Total 97.7 98.3 98.9 97.2 99.2 98.8 98.8 97.5 99.8
Be 0.33 0.22 0.40 0.38
Sc 48.14 35.36 37.84 45.97
V 467.01 81.52 104.03 294.02 187.30 219.49 161.41 163.61 195.86
Cr 182.75 417.69 513.50 306.90 202.15 315.00 239.31 219.72 299.62
Co 49.58 33.63 37.30 55.53
Ni 61.86 137.32 127.26 134.49
Cu 44.36 75.98 111.38 80.96
Zn 108.57 21.31 26.07 80.88
Ga 14.52 11.26 11.89 11.96
Rb 2.29 2.28 2.02 1.41
Sr 139.79 200.99 187.89 79.77
Y 35.23 5.72 7.32 29.29
Zr 54.79 6.74 6.84 47.53
Nb 6.17 0.37 0.28 0.78
As 0.61 0.63 0.39 0.53
Cs 0.02 0.09 0.32 0.05
Ba 6.78 12.18 10.09 5.42
La 3.17 1.63 1.49 1.42
Ce 8.79 1.72 1.98 3.99
Pr 1.64 0.27 0.35 0.80
Nd 9.82 1.48 1.98 5.07
Sm 3.69 0.59 0.78 2.28
Eu 1.37 0.38 0.46 0.89
Gd 5.00 0.83 1.05 3.39
Tb 0.91 0.15 0.19 0.67
Dy 6.27 1.03 1.35 4.85
Ho 1.17 0.19 0.24 0.95
Er 3.54 0.58 0.74 3.05
Yb 3.72 0.59 0.75 3.41
Lu 0.57 0.09 0.12 0.53
Hf 1.97 0.29 0.35 1.55
Ta 0.38 0.02 0.02 0.07
Pb 0.97 0.07 1.80 1.96
Th 0.01 0.04 0.08 0.02
U -0.02 0.01 0.04 0.01
CIPW
Quartz 0 0 0 0 0 0 0 0 0
Anorthite 30.01 52.93 46.83 34.82 23.79 28.51 24.90 25.15 27.69
Diopside 28.02 14.06 20.54 17.69 20.73 18.49 19.05 14.35 18.92
Hypersthene 1.59 0 0 20.80 7.52 0 11.81 22.32 0.03
Albite 14.55 13.33 14.30 9.56 28.18 25.71 25.05 21.24 29.53
Orthoclase 0.24 0.41 0.35 1.42 4.43 6.50 4.73 8.04 4.96
Olivine 17.14 15.19 13.66 8.63 9.91 15.23 8.44 1.34 15.02
Nepheline 0 0.85 1.38 0 0 0.65 0 0 0
Apatite 0.25 0.16 0.14 0.23 0.25 0.25 0.28 0.28 0.21
Chromite 0.03 0.09 0.12 0.07 0.04 0.04 0.03 0.03 0.04
Ilmenite 3.51 0.47 0.59 1.88 2.58 1.82 2.62 2.83 1.84
Magnetite 1.06 0.39 0.48 0.91 0.78 0.70 0.84 0.83 0.68
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Table 14:  EPMA data of amphibole mineral chemistry.  
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